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Abstract Two quasi-orthogonal nighttime medium-scale traveling ionospheric disturbances (MSTIDs) were
observed by conjugate midlatitude all-sky imagers in Sutherland (32.4°S, 20.8°E; magnetic latitude: ~—40.9°)
and Asiago (45.87°N, 11.53°E; magnetic latitude: ~40.3°) on 4 October 2018. These MSTIDs had fronts
elongated quasi-orthogonally to one another as observed from each location. The first MSTID was aligned
northeast-southwest (NE-SW) in the Southern Hemisphere (SH) and northwest-southeast (NW-SE) in the
Northern Hemisphere (NH) and propagated equator-westwards. These properties are typically attributed to
MSTIDs generated through the coupled Perkins and sporadic E instabilities. This is supported by observed
conditions in both hemispheres indicating the presence of sporadic E layers and reasonable Perkins instability
growth rates. The second MSTID was aligned NW-SE (SH) and NE-SW (NH) and propagated equator-eastwards
and represents the first optical observations of conjugate equator-eastward propagating MSTIDs. A possible
linkage to gravity wave-induced polarization electric fields in the NH (and mapped to the SH) is presented, as
significant gravity wave activity was observed in OH and OI greenline observations by the Asiago imager. Their
equator-eastward propagation direction was favored by background winds at the hemisphere of origin, as
determined from global model observations.

Plain Language Summary Observations of nighttime medium scale traveling ionospheric
disturbances (MSTIDs) are reported in this study. MSTIDs are propagating plasma disturbances occurring in the
ionospheric F region. The MSTIDs occurred simultaneously at conjugate locations in Sutherland, South Africa,
and Asiago, Italy on the 4™ of October 2018. The group of MSTID structures consisted of conjugate dark bands
traveling equator-westwards and equator-eastwards. The former is a well-known characteristic of electrified
MSTIDs (EMTIDs), while the latter presented a characteristic of nighttime conjugate MSTIDs that has not been
reported before. The observed nighttime MSTIDs occurred concurrently with atmospheric gravity waves in the
mesosphere, and sporadic E, which is a layer of thin sheet of enhanced plasma density that appear sporadically
in the ionospheric E region. AGWs and sporadic E are known to generate polarization electric fields, which
produce conducive conditions for the development of MSTIDs.

1. Introduction

Medium scale traveling ionospheric disturbances (MSTIDs) are wave- or band-like perturbations that are
observed in plasma density, and other parameters of the ionosphere. They play a crucial role in atmospheric
dynamics, including coupling between the different layers, and between conjugate hemispheres. On the other
hand, they are seen as a threat to operational and scientific systems which either rely on the ionosphere (e.g., high
frequency (HF) radio communication systems) or consider the ionosphere an inconvenience (e.g., radio tele-
scopes and applications/systems based on global navigation satellite systems (GNSS)). This is because MSTIDs
may introduce uncertainties in the predictability of these systems. For example, Zawdie et al. (2016) demonstrated
that MSTIDs can introduce variability in the HF ray paths, which affects practical application of HF propagation.
Also, Timote et al. (2020) showed that they cause degradation on the performance of differential positioning
techniques used to determine accurate/precise positioning from GNSS.
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Two-dimensional structures of nighttime MSTIDs have been observed in nighttime airglow images from highly
sensitive charged coupled device (CCD) cameras (e.g., Garcia et al., 2000; Mendillo et al., 1997; Martinis
et al.,, 2019; Otsuka et al., 2004) and total electron content maps from dense GNSS networks (e.g., Ding
et al., 2011; Kotake et al., 2007; Otsuka et al., 2013). Nighttime MSTIDs have also been detected in satellite
measurements as plasma density perturbations (e.g., Burke et al., 2016; Ding et al., 2011; Kotake et al., 2007) as
well as localized fluctuations in the electric and magnetic fields, referred to as midlatitude magnetic field fluc-
tuation and midlatitude electric field fluctuations, respectively (e.g., Park et al., 2016; A. Saito et al., 1995;
Yokoyama & Stolle, 2017). Such studies reveal the following predominant general characteristics of nighttime
MSTIDs (e.g., Burke et al., 2016; Martinis et al., 2019):

1. periods and wavelengths of 30-120 min and 100-500 km, respectively,

2. wavefronts that are aligned in the northwest-southeast (NW-SE) or northeast-southwest (NE-SW) in the
Northern or Southern Hemisphere (SH), respectively, and that extend for a few thousand km,

3. propagate south-westward (north-westward) in the Northern (Southern) Hemisphere with speeds roughly
between 50 and 300 m/s,

4. occur more frequently near the solstices than the equinoxes, and at low solar activity periods.

MSTIDs were originally thought to be manifestations of atmospheric gravity waves (AGWs) (Hines, 1960;
Jacobson et al., 1995), but with extensive investigations some of them are understood to also develop through
electrodynamic processes, such as the Perkins instability (Garcia et al., 2000; Otsuka et al., 2004). Nighttime
midlatitude MSTIDs generated through the Perkins instability tend to be observed simultaneously at conjugate
regions as well as concurrently with sporadic E (Burke et al., 2016; Wan et al., 2020). The Perkins instability is
essentially an ionospheric plasma instability due to ionospheric conductivity and electric current perturbations
(Hamza, 1999; Perkins, 1973). This instability results in the correct NW-SE/NE-SW alignment of the nighttime
MSTIDs, but not the preferred propagation direction, and its growth rate is inefficient to generate MSTIDs
(Kelley & Makela, 2001). As a result, coupling between E and F regions, specifically instabilities in the E region,
has been suggested to overcome these shortfalls. E-F coupling mechanisms include gravity waves and sporadic E
as sources through which polarization electric field could be enhanced, leading to plasma density fluctuations and
the development of MSTIDs (Kelley et al., 2003; Makela & Otsuka, 2012; Tsunoda & Cosgrove, 2001). This was
supported by observations and simulations which showed that quasi-periodic (QP) echoes associated with po-
larization electric field generated as a result of a non-uniform distribution of plasma structures within a sporadic E
layer and/or wind fluctuations caused by gravity waves have the same directional preference as the Perkins
instability and nighttime MSTIDs (Cosgrove & Tsunoda, 2004; Yokoyama et al., 2004). The MSTIDs generated
through this mechanism are sometimes referred to as electrified MSTIDs (EMSTIDs).

We report on a case of unique observations of quasi-orthogonal MSTIDs that were detected in nighttime airglow
images produced by conjugate midlatitude all-sky imagers (ASIs) on the 4" of October 2018. One pair of the
conjugate structures consists of a NE-SW aligned dark band in the SH and a NW-SE aligned dark band in the
Northern Hemisphere (NH) that propagated equator-westward. The other conjugate pair is a NW-SE aligned dark
bank in the SH and a NE-SW aligned dark band in the NH with an equator-eastward propagation. While the
conjugate equator-westward propagating MSTIDs seems to be a classic example of an EMSTID, the conjugate
equator-eastward propagating pair has not been presented in literature before and therefore presents an interesting
new case for further analysis. The observed structures are not related to disturbed geomagnetic conditions since
Kp <2 and SYM-H>-10 nT on this day.

2. Data and Method

Images of the atomic oxygen airglow emission at 630.0 nm (i.e., Ol redline emission) from the Boston University
ASIs in Sutherland, South Africa (32.4°S, 20.8°E; magnetic latitude: ~—40.9°) and Asiago, Italy (45.87°N,
11.53°E; magnetic latitude: ~40.3°) were used to analyze the nighttime MSTIDs under investigation in this study.
The configuration of these ASIs is made up of a set lenses, including a wide angle fisheye lens, and a set of
narrowband filters operating at wavelengths of 557.7, 605.0, 630.0, and 695.0 nm to isolate emissions from OI
greenline, background/ambient, OI redline, and OH respectively. The Sutherland system has additional filters in
wavelengths of 589.3 and 777.4 nm from Na, and OI, respectively. The detected photons are focused on a
1024 x 1024 CCD with 0.013 mm pixels. More details on the imaging system can be found in Martinis
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Table 1 et al. (2018). Standard all-sky mapping processes were used to project the
Geographic Coordinates of the Ionosondes Used in This Study images onto a latitude/longitude grid assuming an emission layer at 250 km
URSLcode e Latitude (°N) Longitude (°E) (e.g., Bagmgardner et .al., 2021; Garcia et al., 1997; Martinis et al., 2918,

2019). Airglow Ol redline measurements were taken every ~7 and 11 min at
50148 Sopron 47.63 16.72 Asiago and Sutherland, respectively. A moving average over roughly 1 hr and
RO041 Rome 41.9 12.5 spatial median filter across 7 pixels in longitude and latitude directions,
LVI2P Louisvale —28.5 21.2 corresponding to distances of 27 and 20 km in longitude and latitude,
GRI3L Crrlrmsiesm 333 26.5 respectively, were applied to enhance the contrast in the MSTID structures
HEI13N Hermanus 344 192 with the background. According to the International Geomagnetic Reference

Field (IGRF) model (Alken et al., 2021), the dip angle and magnetic decli-
nation of Sutherland are —63.9° and —23.1°, respectively, while these are
61.9° and 2.7°, respectively, at Asiago.

To investigate the influence of background neutral wind on the generation and propagation of the MSTIDs, we
employed observations from a Fabry-Perot Interferometer (FPI) and the Horizontal Wind Model 2014 (HWM14).
The FPI is co-located with the ASI in Sutherland, and provides neutral wind and temperature measurements from
OI redline nighttime airglow. The instrument has an etalon with an air gap of 15 mm and partial reflectivity of
approximately 77%. A narrowband interference filter (1 nm full width half maximum) centered at 630.0 nm with
~55% transmission is placed in the optical path before the etalon to isolate the redline emission from other
background emissions. The image is focused with an objective lens onto a 13.3 X 13.3 mm Andor CCD. This
CCD chip has 1024 x 1024 pixels and is thermoelectrically cooled to below —60° to reduce dark noise. Above
the optics sits a dual-mirror sky-scanning system that is driven by a smart motor on each axis, which allows for
observations of the sky in any direction by rotating in elevation and azimuth. It operates in standard cardinal mode
with elevation angle of 45°, pointing in the zenith, north, east, south, and west directions. Fisher et al. (2015)
provides a detailed description of the instrument design and data processing. HWM 14 model results are used in
cases where FPI observations are not available, as is the case over Asiago. HWM14 is a widely used and readily
available global empirical model that provides climatological neutral wind specifications, with predicted wind
uncertainty in the range of about £37 m/s (Drob et al., 2015). Midlatitude studies comparing the model's pre-
dictions to ground-truth FPI observations reported over or under estimation that ranged from about 20 m/s (Ojo
etal., 2022) to 34 m/s (Fisher et al., 2015). Therefore, model errors were taken into account in our analysis of the
wind's influence on the propagation of the observed MSTIDs.

Information on ionospheric variability, particularly sporadic E layer, was obtained from ionosondes located in
proximity of the observed MSTIDs. These ionosondes are part of the global digisonde network under the Global
Ionosphere Radio Observatory (Reinisch & Galkin, 2011). Each of these instruments consists of a transmitter that
vertically transmit signals in the frequency range of 1-40 MHz and receivers that record time of flight of reflected
signals. The output of the system is an ionogram, a plot that shows the height of the reflected signals, from which
ionospheric characteristics, such as presence of sporadic E layer as well as its associated critical frequency, can be
obtained. The locations of the ionosondes used in this study are provided in Table 1. Note that although San Vito
(VT139; 40.6°N, 17.8°E) is also located within the field of view of the Asiago imager, this station did not have
measurements during the night of this investigation. Ionosonde data cadence was 15 min.

Figure 1 shows the locations of the ASIs (blue “X”), FPI (red diamond) and its cardinal look direction positions
(red “+”), and ionosondes (magenta triangle). The black circle in each map indicates the field of view of the ASI
at 250 km and zenith angles below 80°.

3. Results and Discussions

Figure 2 shows orthogonal dark bands (representing low airglow intensity) extending NW-SE (dark band 1
(DB1)) and NE-SW (dark band (DB2)) while propagating north-eastward and north-westward, respectively.
These dark bands were observed on the 4th of October 2018 with the Sutherland ASI and indicate a presence of
MSTIDs. On this night, airglow observations began at approximately 17:23 and ended at 03:24 UT the following
day. The north-eastward (i.e., equator-eastward) propagating MSTID was visible between roughly 20:07 and
23:52 UT, while the north-westward (i.e., equator-westward) propagating MSTID was observed at roughly
20:29-22:56 UT (see Movie S1 for raw images of this night at Sutherland). This means the equator-eastward and
equator-westward propagating MSTIDs were observed for about 3.75 and 2.75 hr, respectively. Similar quasi-
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Figure 1. A map showing locations of the all-sky imagers (blue X), Fabry-Perot Interferometer (FPI) (red diamond), FPI look directions (red +), and ionosondes
(magenta triangle). The black circles represent the field of view at zenith angles less than 80° at a height of 250 km.

sutherland: 04 Oct 18 21:03:38 _ sutherland: 04 Oct 18 21:15:00

sutherland: 04 Oct 18 21:37:30

latitude
L T I B |
wwwwwN
0 OB N O ®
|

17 19

21
long

21
long

orthogonal dark band MSTIDs (same band alignment as in Sutherland), were also observed over Asiago as shown
in Figure 3 (and Movie S2 showing raw images at Asiago). However, these MSTIDs were propagating in the
southeast and southwest directions. While the airglow observations from the Asiago ASI were taken from 17:50
until 04:11 UT, the south-eastward (i.e., equator-eastward) propagating band was observed for about an hour at
21:30-22:33 UT, and the south-westward (i.e., equator-westward) propagating band for about 1.63 hr at 21:23—
23:01 UT. These observations indicate that the MSTIDs started earlier and lasted longer in the SH compared to the
NH. However, there is nearly 30 min of simultaneous observations of all MSTIDs in both hemispheres, while the
equator-eastward propagating MSTIDs were observed simultaneously in both hemispheres for almost 1.5 hr.

To probe the mirroring of the MSTIDs structures, the Asiago images were mapped to the SH and the Sutherland
images projected to the NH following the geomagnetic field lines using the IGRF-13 model. Both projections
reveal the same information as they show clear correlation of MSTIDs in both hemispheres, and to avoid
repetition we only present Sutherland images projected to the NH in Figure 4 (middle row). In this figure, the top
row shows images taken by the Asiago ASI, while the bottom row shows a composite of images from both
stations. Also, images taken almost at the same time at both stations are shown to illustrate and confirm magnetic
conjugacy. In these images it can be seen that the phases of the wavefronts approximately match (see bottom row),
cover almost the same area and propagate in the same directions. Therefore, these results show that MSTIDs
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Figure 2. Nighttime airglow images showing dark band signatures of medium-scale traveling ionospheric disturbances (MSTIDs) observed by the Sutherland all-sky
imager on the 4™ of October 2018. DB1 and DB2 correspond to the dark bands 1 and 2, respectively. Time on the title of the plots is given in UT. See Movie S1 in the
Supporting Information for dynamical evolution of these MSTIDs.
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Figure 3. Same as in Figure 2 but for observations made by Asiago all-sky imager. See Movie S2 in the Supporting Information for dynamical evolution of these
medium-scale traveling ionospheric disturbances.
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structures are magnetic conjugate, which indicates that electric fields in the ionosphere may be involved with their
occurrence.

The propagation properties of these MSTIDs were estimated from zonal and meridional keograms. These keo-
grams are constructed from image slices along a particular latitude and longitude, respectively, at different epochs
stacked together. Examples of the meridional (a and d) and zonal (b, c, e, and f) keograms used to calculate
MSTID velocities are presented in Figure 5. The top rows shows the keograms derived from Asiago observations
while the bottom are derived from the Sutherland observations. The magenta and red straight lines in the keo-
grams indicate the equator-westward and equator-eastward propagating structures, respectively. A best-fit
straight line is fitted on each dark band in the keograms and the slope of this line gives the speed of the
MSTID in each horizontal component. The horizontal speed (v;,) and angle of propagation, that is, azimuth (az),
were then calculated from the following equations (Martinis et al., 2019):

V2]

AVE+ 2
z m ( 1 )
v
az = arctan (—”’)
VZ

where v, and v,,, are the speeds obtained from the zonal and meridional keograms, respectively. Several keograms

vy, =

at different latitudes/longitudes were constructed for each MSTID structure, which yielded a range of speeds and

8 10 12 14 12 14
fongitude longitude

Sutherland: 21:59:59

12 14
longitude

NH: 21:58:47

12 14 8 10 12 14 20 %% 12 14
longitude longitude longitude

Figure 4. Simultaneous observations of medium-scale traveling ionospheric disturbances over Asiago (top row), Sutherland (middle row), and composite of Asiago and
Sutherland images (bottom row). The Sutherland images are mapped to the Northern Hemisphere along the magnetic field lines.
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Figure 5. Examples of meridional and zonal keograms that were used to calculate propagation properties of the observed medium-scale traveling ionospheric
disturbances (MSTIDs) on the 4" of October 2018. Top and bottom panels are keograms constructed from the Asiago and Sutherland, respectively. The red and magenta
lines highlight wavefronts of the equator-eastward and equator-westward propagating MSTIDs, respectively. The keograms were constructed from measurements at
longitudes 14°E (a), and 22°E (d) as well as latitudes 43.5°N (b), 46°N (c), 29°S (e), and 31°S (f).

azimuths from which the average and standard deviation were calculated to represent propagation characteristics
of the MSTIDs. These characteristics are presented in Table 2, and reveal that the equator-eastward propagating
MSTIDs have similar speeds, as do the equator-westward propagating MSTIDs, but with slightly greater speeds
over Sutherland. The latter results agree with those found by Martinis et al. (2019) who also noted that the speeds
of MSTIDs observed over Sutherland were greater than those of conjugate structures over Asiago. The difference
in propagation azimuth between the two dark bands in each hemisphere is 85° and 88° for the Southern and
Northern Hemispheres, respectively, confirming that the propagation directions of these MSTIDs are quasi-
orthogonal. The propagation azimuth difference of the equator-westward propagating MSTIDs is about 86°,
while that of the equator-eastward propagating MSTIDs is roughly 101°.

There have been many reported observations of conjugate nighttime MSTIDs propagating equator-westward, that
is, south-westward and north-westward in the Northern and Southern Hemispheres, respectively (e.g., Burke
et al., 2016; Martinis et al., 2019; Narayanan et al., 2018; Otsuka et al., 2004; Shiokawa et al., 2005). In their
pioneering work Otsuka et al. (2004) explained the generation mechanisms for conjugate nighttime MSTIDs
observations as involving polarization electric field at one hemisphere mapping to the opposite hemisphere along
the magnetic field lines. This electric field, which is perpendicular to the wavefronts to maintain divergent free
ionospheric currents, is directed in the east-west direction. Therefore, it would cause vertical movement of plasma
through the E X B drifts, resulting in the dark (and bright) bands in the airglow images. This polarization electric
field can be induced through processes involving gravity waves (Huang et al., 1994; Jonah et al., 2017) and/or
sporadic E layer (Kelley et al., 2003; Narayanan et al., 2018; Otsuka et al., 2007).

As previously stated, the equator-westward propagating MSTID structures are generally accepted as being
generated through a coupled mechanism involving Perkins instability and gravity waves and/or sporadic E. To
explore whether there were suitable conditions for Perkins instability during the occurrence of the MSTIDs, the
maximum Perkins instability growth rate (y,,,,) over the locations of our ASIs was computed using the following
equation (Garcia et al., 2000):

g;ebel;szand Azimuths of the Observed MSTIDs Ymax = TH,, %COS D+ Us,mag cos Dsin D + Ue,mag cos D sin D 2)
Asiago Sutherland Aaz (°)

v, (m/s) az (°) vy, (m/s) az (°) laza — azs| where H,, is the neutral scale height, E is the electric field, B is the magnetic

MSTID 1 40+ 3 236+ 3 4542 32 +3 36 field intensity, D is the dip angle, U; ., = U, sin § + Uj cos § is the wind

MSTID 2 3042 148 +2 3543 4742 101 component in magnetic south, where U, and U, are the zonal eastward and

meridional southward neutral wind components, respectively, § is the mag-

Note. A and S are abbreviations for Asiago and Sutherland, respectively.

netic declination, and U, ,,,; = U, cos 6 + Uj sin é is the wind component
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Figure 6. Meridional (Um) and zonal (Uz) thermospheric winds at 250 km over Sutherland and Asiago on the 4™ of October
2018. The winds were obtained using Fabry-Perot Interferometer measurements at Sutherland (black solid line) and HWM 14
predictions at Sutherland (blue dash dot line) and Asiago (red dash line). The green and magenta horizontal lines indicate
time of observation of medium-scale traveling ionospheric disturbances over Sutherland and Asiago, respectively.

in magnetic east. For each location, the scale height was calculated using neutral parameters from NRLMSIS 2.0
(Emmert et al., 2020) and magnetic field parameters were obtained from IGRF-13. The neutral wind observations
were obtained from the FPI co-located with the Sutherland ASI, and also from HWM14 for both Sutherland and
Asiago as presented in Figure 6. In this figure, meridional (Um) and zonal (Uz) winds are positive northward and
eastward, respectively. The winds are therefore equator-eastward over both locations on this night. Note that the
modeled zonal winds (red and blue curves) seem phase shifted from the observed zonal wind (black curves). This
was also found by Ojo et al. (2022) when they compared FPI and HWM14 winds over Sutherland and they
attributed this to an incorrect estimation of the phase of the terdiurnal tide in HWM14. For the electric field we
assumed threshold values of 1-3 mV/m as reasonable estimates for typical midlatitudes based on studies by
A. Saito et al. (1995) and Narayanan et al. (2018). Using this information, the average maximum Perkins
instability growth rates obtained were approximately 2-7 X 10~* s~! for Sutherland and 3-6 x 10™* s~! for
Asiago. These values are reasonable for MSTIDs driven by Perkins instability based on prior studies (e.g., Garcia
et al., 2000; Martinis et al., 2006).

The well-known problem though is that this growth is very small to efficiently generate MSTIDs (e.g., Kelley &
Fukao, 1991; Kelley & Makela, 2001). However, Cosgrove and Tsunoda (2004) showed that the growth rate
increases significantly when the Perkins instability is considered as a coupled system with sporadic E instability
with the coupling driven by E-F electrodynamical processes. Sporadic E layers are known to occur simulta-
neously with nighttime MSTIDs and to have similar characteristics, for example, preferential front alignment and
propagation direction as well as periodicity (e.g., Cosgrove & Tsunoda, 2003; Otsuka et al., 2007; S. Saito
et al., 2007). They can be a source of polarization electric fields that may amplify Perkins instability via E-F
coupling to induce equator-westward propagating MSTIDs. Figure 7 presents airglow images and ionograms
to show examples where sporadic E was observed roughly simultaneous with MSTIDs on the 4" of October 2018
in the SH. The ionograms in this figure were produced by the Grahamstown and Louisvale ionosondes. In fact,
sporadic E activity was recorded intermittently in all three ionosondes that are within the field of view of the
Sutherland ASI prior to and during observations of the MSTIDs. Critical frequency of sporadic E ranged between
1.2 and 3.6 MHz throughout the night, while blanketing frequency of sporadic E was below 2.4 MHz, as shown by
the top panel of Figure 8. It is noted that these frequencies are lower than those reported under similar circum-
stances, that is, simultaneous occurrence of sporadic E and conjugate MSTIDs (e.g., Narayanan et al., 2018;
Sivakandan et al., 2022). This could be due to the longitudinal variation of sporadic E, which shows less activity in
the African-European midlatitudes compared to other longitudes (Arras et al., 2008). In the NH, the two ion-
osondes that are within the field of view of the Asiago imager (i.e., Rome and Sopron) recorded intermittent
sporadic E activity several hours prior to the MSTIDs observed in the NH. As can be seen from the bottom panel
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Figure 7. Examples of concurrent occurrences of medium-scale traveling ionospheric disturbances as observed by the
Sutherland all-sky imager (left) and of sporadic E (at altitude around 90 km) as detected in ionograms from the Grahamstown
and Louisvale ionosondes (right). The white asterisks in the images indicate the location of the ionosondes.

of Figure 8, sporadic E activity was recorded at 19:15-19:45 UT over Rome and intermittently between over
17:00 and 21:15 UT over Sopron. Critical and blanketing frequencies of sporadic E over these ionosondes were
below 2.5 MHz, slightly lower than in the SH. However, unlike in the SH there was no coincidental observation of
sporadic E and MSTIDs in the NH. Since sporadic E is observed prior to (SH and NH) and in conjunction with
(SH) the equator-westward propagating MSTIDs, it is possible that sporadic E amplified Perkins instability and
resulted in the conjugate MSTIDs. The coupled electrodynamic process involved in the development of these
MSTIDs is presented in schematics of Figure 9a. This schematic diagram in Figure 9a shows the coupling be-
tween E and F regions, via the sporadic E layer and MSTIDs. Figure 9b presents coupling between lower at-
mosphere and ionosphere, through AGWs. Both schematics illustrate the coupling between the Southern and
Northern Hemispheres through the magnetic field lines.
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Figure 8. Critical (X ) and blanketing (+) frequencies of sporadic E layer over Grahamstown (blue), Hermanus (red), and
Louisvale in the top panel as well as over Rome (blue) and Sopron (red) in the bottom panel. The black horizontal line
indicates the period over which medium-scale traveling ionospheric disturbances were observed in each hemisphere.

The optical observations of conjugate NE-SW (NH) and NW-SE (SH) aligned MSTID structures that are
propagating equator-eastward are new and their geometry and propagation do not align with Perkins instability
theory. However, they are probably also linked to electrodynamic coupling of both hemispheres driven by

Equator-eastward
MSTIDs

Figure 9. Schematic diagram of the dynamical and electrodynamical processes involved in the development of the observed equator-westward (a) and equator-eastward
(b) medium-scale traveling ionospheric disturbances (MSTIDs). Note that (a) shows less sporadic E activity in the Northern Hemisphere compared to Southern
Hemisphere, as per Figure 8 observations. Red and blue colors represents enhancements/bright bands and depletions/dark bands associated with MSTIDs.
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Figure 10. Raw images of the OH (top row) and OI greenline (bottom row) airglow observations taken by the Asiago imager.
The red boxes are used to highlight signatures of gravity waves. Movies S3 and S4 in the Supporting Information show
evolution of the OH and OI greenline observations, respectively.

polarization electric fields because of their simultaneous conjugate occurrence. As earlier stated, gravity waves
are a possible source of polarization electric fields. Gravity waves are usually generated in the lower regions of the
atmosphere, propagate toward the upper atmospheric layers where they dissipate in the lower thermosphere and
generate secondary and tertiary waves (Vadas et al., 2009).

We checked for gravity wave activity using the Sutherland and Asiago imagers since they also take airglow
measurements of atomic oxygen at 557.7 nm (OI greenline), sodium (Na) at 589.3 nm (only at Sutherland), and
hydroxide (OH) at 695.0 nm, with peak emission altitude in the range of ~85-95 km (i.e., mesosphere/lower
thermosphere region). While the Sutherland ASI did not detect any gravity wave activity in any of the relevant
three wavelengths, the Asiago imager did. Figure 10 presents sample images from the OH and OI greenline
observations from which signatures of gravity waves were detected throughout the imager's field of view (see also
Movies S3 and S4, respectively). Note, the bright NE-SW band in the OH images (top row) is the Milky Way
galaxy. The gravity waves entered the field of view from the south-east and propagated toward the north-west,
indicating that they were probably generated from a source located south of the imager. Analyses of the AGWs
based on keograms (not shown here) revealed that the wavelengths of these waves are on the order of 10—40 km.
On the other hand, based on the analysis of the keograms in Figure 5 the scale size (width) of the equator-eastward
propagating MSTID observed in Asiago is roughly 117 #+ 12 km. Since the AGWs and MSTIDs have different
scale sizes, they may not be directly related. However, it is possible that secondary waves related to some of these
gravity waves or acoustic waves reached thermospheric heights of ~250 km, with the former propagating at an
oblique vertical direction (e.g., Vadas & Crowley, 2010; Shinbori et al., 2023, and references therein). The winds
associated with these acoustic-gravity waves could induced polarization electric fields since the perturbation
winds drive currents through the magnetic field, via J=6,(U x B), where o, is the Pedersen conductivity
(Varney et al., 2009). Polarization electric field would be induced as long as the currents are not divergent-free.
MSTIDs would then develop as the plasma is set in motion as a result of vertical E X B drift. Therefore, these
results suggests that gravity waves in the NH produced conditions conducive to the development of conjugate
equator-eastward propagating MSTIDs.
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Figure 11. Wind blocking diagrams over Asiago and Sutherland for neutral wind at 250 km obtained from HWM14 (Asiago)
and Fabry-Perot Interferometer (Sutherland).

The dynamical and electrodynamical processes involved in the development of the equator-eastward propagating
MSTIDs are summarized in the schematics of Figure 9b. Observations of conjugate MSTIDs generated by
electrodynamical processes driven by acoustic-gravity waves have been reported previously (e.g., Chou
et al., 2022; Huba et al., 2015; Jonah et al., 2017; Shinbori et al., 2022). Simulations results presented by Huba
et al. (2015) could reproduce MSTIDs results of Makela et al. (2011) for the 2011 Tohoku-Oki tsunami and
clearly showed that electric field driven by tsunami induced gravity waves were responsible for conjugate
ionospheric perturbations. Conjugate MSTIDs associated with this tsunami were later confirmed through ob-
servations presented by Chou et al. (2022). Furthermore, based on plasma flow perturbations from SuperDARN
radar observations, Shinbori et al. (2022) were able to estimate that zonal electric field of the order of roughly
3 mV/m driven by neutral wind oscillations associated with atmospheric acoustic waves and AGWs linked to the
2022 Tonga volcanic eruption generated conjugate westward propagating MSTIDs over the Japan and Australian
region. The MSTIDs detected in Makela et al. (2011), Chou et al. (2022), and Shinbori et al. (2022) propagated
much faster (160-320 m/s) than those reported here. Also, those studies showed the conjugate MSTIDs prop-
agated in a westerly direction, while in this case we show conjugate MSTIDs but with an eastern propagation.
Furthermore, these studies (Chou et al., 2022; Shinbori et al., 2022) revealed very good spatial symmetry of the
conjugate MSTIDs' wavefronts in both hemisphere, as has been observed in this study (see Figure 4). However,
the AGWs that induced the polarization electric field associated with the conjugate MSTIDs in Huba et al. (2015),
Chou et al. (2022), and Shinbori et al. (2022) were generated through natural hazards, meaning a lot of energy was
put into the atmosphere, which is not necessarily the case in this study. Furthermore, past studies based on ob-
servations, and numerical or theoretical models reported that AGWs that are generated through normal meteo-
rological processes, such as convection, topography, etc., can penetrate into the thermosphere/ionosphere and
generate TIDs (e.g., Azeem & Barlage, 2018; Miyoshi et al., 2018; Vadas & Crowley, 2010). The source of
AGWs presented in Figure 10 could not be identified in this study. Nonetheless, we postulate that the observed
conjugate equator-eastward MSTIDs developed through AGW induced polarization electric field, though some
order of magnitude smaller than previous reported cases, but models and/or simulations will be required to
confirm this hypothesis.

The equator-eastward propagation direction of these MSTIDs can be explained by background wind filtering
(Booker & Bretherton, 1967), as can be seen in Figure 11. The wind filtering process takes into account the
Doppler-shifted frequency of gravity waves due to the horizontal wind, which is given by the following equation
(Booker & Bretherton, 1967):

sz(l _E) =w(1 _ U, cos ¢ + U, sin ¢>’ 3)

v
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where o is the source frequency, U is the horizontal wind speed with zonal and meridional components (UZ, Um),
v is the horizontal phase velocity of the gravity wave. The red circles in Figure 11 indicate conditions where
Q < 0, that is, where gravity wave-induced MSTIDs would be blocked due to their velocities being equal to the
background wind at 250 km. To accommodate uncertainty in wind filtering analysis based on model data over
Asiago, uncertainty in HWM14 winds were included in the computation of the blocking diagram over Asiago.
From Fisher et al. (2015) and Jiang et al. (2018) we estimated that the maximum root mean square errors of
HWM14 during October (same month as our case study) over the NH are roughly 34 and 32 m/s for meridional
and zonal winds, respectively. Therefore, Figure 11 shows that background winds at 250 km support only the
south-east propagation direction in the NH. Note that south-westward propagating MSTID over Asiago is un-
affected by wind filtering in this case because this MSTID is generated by electrodynamic instability, as presented
earlier, instead of dynamic perturbations. Similarly, Figure 11 (right plots) shows that the observed MSTIDs in
the SH would have been blocked if they were generated through dynamic instead of electrodynamic processes.

Our results indicate that the NH had conditions conducive to the development of the equator-eastward MSTID.
Therefore, why the MSTIDs would appear earlier in the conjugate hemisphere as seen in our observations is
puzzling. One possibility is that the MSTIDs could have started earlier than observed by the Asiago ASI, but had
very small amplitudes such that the imager was not sensitive enough to detect them from the beginning. However,
as their amplitudes grew with time they were detectable later.

4. Conclusion

Simultaneous observations of two quasi-orthogonal and conjugate MSTIDs seen in the NH and SH on 4 October
2018 were presented. The two magnetically conjugate structures were observed in airglow images obtained from
Sutherland (South Africa) and Asiago (Italy). One pair of MSTIDs was seen to propagate equator-westward,
typical of MSTIDs associated with the Perkins instability and frequently reported in the literature. The second pair
was seen to propagate equator-eastward, and represents the first such magnetically conjugate observations of an
equator-eastward propagating MSTID. The MSTIDs observed from the SH appeared earlier (20:07-23:52 UT)
and for longer than those seem from the NH (21:23-23:01 UT). However, the conjugate pairs traveled at similar
speeds, albeit slightly faster in the SH. The conjugate occurrence of the two MSTIDs indicate that the structures
were most likely induced through an electrodynamical coupling process, with electric fields generated in one
hemisphere mapping to the other. The equator-westward propagating MSTID is attributed to the Perkins insta-
bility, the development of which was supported through the observed sporadic-E in both hemispheres. It is
postulated that the generative mechanism for the unique equator-eastward propagating MSTIDs is lower atmo-
spheric AGWs, which would induce electric fields that could map to the conjugate hemisphere. Coincident
observations of AGWs in the NH combined with model results of background neutral wind filtering effects
support this hypothesis. However, a complete simulation of these conditions remains to be done.
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