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Abstract

An unusual event of three characteristically different plasma structures on a geomagnetically quiet night (Ap = 4) of 08

July 2018 has been investigated in this paper using an all-sky imager installed at Hanle, Leh Ladakh (32.7°N, 78.9°E; Mlat.

˜24.1°N), India. These structures include a freshly generated electrified MSTID (EMSTID), ambiguous plasma depletions, and

a northward propagating non-electrified MSTID. One of the most fascinating aspects of this event was the lack of mutual

interaction between the three structures, even though they existed simultaneously and propagated in different directions. They

individually underwent evolution, distortion, and dissipation separately. One of the structures was an EMSTID, which got

generated within the imager’s field-of-view (FOV) and evolved with time. As time progressed, different strip-like structures

travelled southwestward, merged with each other to form the EMSTID and disappeared later. The second structure was plasma

depletions which appeared in the southeastern part of the FOV. They eventually merged into a single band. The merged band

evolved with time, extended further northward, and dissipated later. Along with these, a very rare non-electrified MSTID

structure with east-west aligned fronts was observed which propagated northward. Its fronts underwent distortion, became

curved and dissipated. In this study, we have explored the role of electrodynamics and neutral dynamics behind the observed

unique features of the three plasma structures.
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Introduction 

We have provided the complete sequence of 630.0 nm airglow unwarped images and 

successive difference images (08 July 2018) which are reproduced in the form of a movies for 

reader’s convenience.   

 

Movie S1.  The complete sequence of 630.0 nm airglow unwarped images on the night of 08 

July 2018. In each frame, the locations of the imager (Hanle) and the ionosonde (New Delhi) 

are represented by the red colored star and triangle, respectively. The red dashed line represents 

the geomagnetic field line. 

Movie S2.  The complete sequence of successive difference images on the night of 08 July 

2018. In each frame, the locations of the imager (Hanle) and the ionosonde (New Delhi) are 

represented by the red colored star and triangle, respectively. The red dashed line represents 

the geomagnetic field line. 
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Abstract

An unusual event of three characteristically different plasma structures on a ge-
omagnetically quiet night (Ap = 4) of 08 July 2018 has been investigated in this
paper using an all-sky imager installed at Hanle, Leh Ladakh (32.7°N, 78.9°E;
Mlat. ~24.1°N), India. These structures include a freshly generated electrified
MSTID (EMSTID), ambiguous plasma depletions, and a northward propagat-
ing non-electrified MSTID. One of the most fascinating aspects of this event was
the lack of mutual interaction between the three structures, even though they
existed simultaneously and propagated in different directions. They individually
underwent evolution, distortion, and dissipation separately. One of the struc-
tures was an EMSTID, which got generated within the imager’s field-of-view
(FOV) and evolved with time. As time progressed, different strip-like structures
travelled southwestward, merged with each other to form the EMSTID and dis-
appeared later. The second structure was plasma depletions which appeared in
the southeastern part of the FOV. They eventually merged into a single band.
The merged band evolved with time, extended further northward, and dissi-
pated later. Along with these, a very rare non-electrified MSTID structure with
east-west aligned fronts was observed which propagated northward. Its fronts
underwent distortion, became curved and dissipated. In this study, we have
explored the role of electrodynamics and neutral dynamics behind the observed
unique features of the three plasma structures.
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Keywords: All-sky imager, O(1D) 630.0 nm airglow, electrified MSTIDs, non-
electrified MSTIDs

Key Points:

1. Three characteristically different mutually non-interacting EMSTID,
plasma depletion and non-electrified MSTID were observed simultane-
ously.

2. The EMSTID generated locally and evolved with time, whereas plasma
depletions merged into one band.

3. The non-electrified MSTID propagated northward and underwent some
distortion, became curved and eventually disappeared.

Plain Language Summary:

Ionospheric plasma irregularities viz. traveling ionospheric disturbances (TIDs),
plasma bubbles, spread F have been studied using different techniques such as
airglow, radar, ionosonde, GPS-TEC, etc. On the night of 08 July 2018, we ob-
served a rare event consisting of three different plasma irregularities/structures
simultaneously over Hanle, Leh Ladakh, India in the 630.0 nm airglow images.
The three structures were freshly generated electrified MSTID (EMSTID), am-
biguous plasma depletions, and non-electrified MSTID. All the three plasma
structures exhibited different characteristics. One of the interesting aspects of
the event was non-interaction between these three structures despite existing si-
multaneously. They underwent evolution, distortion, and dissipation separately.
EMSTID evolved within the imager’s FOV and later dissipated, whereas the
plasma depletions merged with each other, became more prominent, and dissi-
pated in the end. Other structure was the east-west (EW) oriented northward
propagating non-electrified MSTID, which later became curved and dissipated
in the end. In this study, we explored the plausible reasons for the observed
rare features using multi-instrument and model-based data.

1. Introduction

The Earth’s ionosphere exhibits different kind of plasma irregularities, which
have potential impact on the satellite-based communication and navigation sys-
tems. Traveling ionospheric disturbances (TIDs) are wave-like plasma density
disturbances having a variety of scale sizes that propagate in the ionospheric
F-region. Initially, they were believed to be caused by the perturbation of ion-
ized layer modulated by gravity waves (Hines, 1960). TIDs are classified into
two categories depending upon their scale sizes. These are medium scale TIDs
(MSTIDs) and large scale TIDs (LSTIDs). MSTIDs are the most persistent
and prominent in the mid-latitude ionosphere. For the past few decades, vari-
ous techniques have been used to study MSTIDs such as ionosondes, satellite
beacons, ground-based Global Navigation Satellite System (GNSS) networks,
HF Doppler radars and airglow imagers (Amorim et al., 2011; Garcia et al.
2000; Huang et al., 2018, 2016; Hunsucker, 1982; Shiokawa, Ihara et al., 2003;
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Shiokawa, Otsuka et al., 2003; and references therein). MSTIDs are propagat-
ing low and high plasma density wavefronts, which appear as propagating dark
and bright bands in 630.0 nm airglow images (Shiokawa, Ihara et al., 2003;
Shiokawa, Otsuka et al., 2003). They propagate with phase speed of 50-150
m/s and have wavelength in the range of 100-500 km (Duly et al., 2013; Garcia
et al., 2000; Narayanan et al., 2014; Pimenta et al., 2008). They are broadly
classified into two types depending on the generation mechanism (i) electrified
MSTIDs (ii) non-electrified MSTIDs (Figueiredo et al., 2018; Narayanan et al.,
2019; Otsuka et al., 2013; Paulino et al., 2018, 2016; Pimenta et al., 2008). The
electrified MSTIDs (EMSTIDs) are associated with polarization electric field
and have preferential direction of propagation (Perkins, 1973; Shiokawa, Ihara
et al., 2003). The phase fronts of EMSTIDs in the northern (southern) hemi-
sphere align predominantly in northwest-southeast (northeast–southwest) direc-
tion and propagate southwestward (northwestward) during nighttime (Ding et
al., 2011; Huang et al., 2018, 2016; Otsuka et al., 2004; Shiokawa et al., 2005;
Shiokawa, Ihara et al., 2003; Sun et al., 2015). EMSTIDs originate through
Perkins’ instability (Perkins, 1973), which successfully explains the orientation
of nighttime EMSTIDs. By using numerical simulations, Zhou et al. (2006) vali-
dated the Perkins’ explanation. However, since the Perkins’ instability’s growth
rate is too low, it requires additional seeding processes to generate EMSTIDs
(Behnke, 1979; Garcia et al., 2000; Kelley & Fukao 1991; Kelley & Makela,
2001; Perkins, 1973; Otsuka et al., 2004; Otsuka et al., 2007; Shiokawa et al.,
2005). The seeding processes include gravity waves, E-F coupling, and/or in-
terhemispheric coupling. Gravity waves traveling from lower atmosphere to
thermosphere can generate undulations. Perkins’ instability can amplify these
undulations and generate EMSTIDs (Huang et al., 1994; Kelley & Fukao, 1991).
Further, Cosgrove and Tsunoda (2004) have suggested that sporadic E (Es) lay-
ers can provide seeding for the nighttime EMSTIDs. Yokoyama et al. (2009)
simulated the formation of MSTID’s frontal structures via sporadic E layer cou-
pling process. These seeding processes can play a vital role in accelerating the
Perkins’ instability growth rate by providing polarization electric field in the F
region. The polarization electric field associated with MSTIDs generates undu-
lation in the base height (h’F) of the ionosphere (Amorim et al., 2011; Rathi et
al., 2021; Shiokawa, Ihara et al., 2003).

Although MSTIDs generally propagate equatorward irrespective of the hemi-
sphere, there are a few studies, which have reported poleward propagating
MSTIDs. These are manifestation of gravity waves in the F region and known
as gravity wave MSTIDs or non-electrified MSTIDs. The gravity wave MSTIDs
can have any orientation and propagation direction based on the wave source
(Figueiredo et al., 2018; Paulino et al., 2018, 2016). The SuperDARN Hokkaido
radar observed a few cases of MSTIDs having northward propagation (Ichi-
hara et al., 2013). In a statistical study, Shiokawa et al. (2013) also reported
northward moving MSTIDs from Athabasca. A thermospheric wave signature
propagating northward has been reported by Sau et al. (2018) from the Indian
sector.
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More attention has been given in recent years to interaction of an MSTID with
other plasma structures. Otsuka et al. (2012) reported encounter of a MSTID
with an equatorial plasma bubble, which resulted in dissipation of the bubble.
Of late, Yadav, Rathi, Sarkhel et al. (2021) and Yadav, Rathi, Gaur et al.
(2021) reported complex interactions between MSTIDs and field aligned plasma
depleted structures from Hanle, India which is a transition region of geomag-
netic low-mid latitudes. From the same location Rathi et al. (2022) recently
reported an interaction between two fronts of a MSTID followed by bifurcation
and dissipation of the fronts. Along with the MSTIDs’ interaction, a number of
interesting events have also been observed over the Hanle region over the last
few years. Sivakandan et al. (2020, 2021) reported rare cases of mid-latitude
spread F (MSF) and in situ generated plasma bubble over the Hanle region.
In another study, Rathi et al. (2021) reported simultaneous occurrence of the
single dark band and periodic MSTIDs. Though characterization of MSTIDs
has been done numerous times previously, there are still limited studies on the
interaction of MSTIDs with other plasma structures.

This paper presents a unique observation of simultaneously existing three dif-
ferent plasma structures over the Hanle region. It is interesting to note that
despite existing simultaneously these structures did not appear to interact mu-
tually, rather individually underwent transformations. We have investigated
the role of electrodynamics and neutral dynamics behind the observed features
of the three plasma structures.

2. Instruments and Data Analyses

We have used the 630.0 nm airglow data from the night of 08 July 2018 from a
multi-wavelength all-sky airglow imager installed at Hanle, Leh Ladakh, India
(32.7°N, 78.9°E; Mlat. ~24.1°; Height: ~4200 m above mean sea level) which lies
at the transition of geomagnetic low and mid-latitudes. All the details of the
imager and image processing are available in Mondal et al. (2019). In order to
complement the airglow imager data, we have used the 15 min resolution iono-
grams obtained from New Delhi digisonde (28.70°N, 77.10°E; Mlat. ~20.2°N).
Therefore, the digisonde is useful for studying the ionospheric irregularities and
background conditions along with the Hanle airglow imager as the observation
regions of the two instruments share a partially common volume. We scaled the
F layer base height (h’F) manually and examined the occurrence of spread F
and sporadic E layer by using the ionograms. A more detailed description of
the digisonde is available in Upadhayaya and Mahajan (2013).

3. Results

A unique event of three characteristically different plasma structures was ob-
served on 08 July 2018 in the O(1D) 630.0 nm airglow images over Hanle, Leh
Ladakh, India. These structures were recorded on a geomagnetically quiet night
which lies in low solar flux period (Ap = 4, F10.7 = 74). Figures 1 & 2 show
the existence of three plasma structures having different characteristics, which
started appearing in the imager’s FOV from 16:08:24 UT or 21:38:24 IST (In-
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dian Standard Time (IST) = UT + 5.5 h) and continued to stay until 20:06:37
UT (01:36:37 IST, 09 July 2018). Here, the most striking features were the
contrasting behaviors of the three observed structures and the apparent lack of
any mutual interaction between them, even though they existed simultaneously.
The detailed descriptions on these structures and their features are described
below.

3.1 Non-interacting three different plasma structures

Out of the above mentioned three distinct plasma structures, the two plasma
structures are clearly visible in Figure 1. It shows the sequence of the 630.0 nm
unwarped images in which the red stars and red triangles represent the location
of Hanle imager and New Delhi digisonde respectively. The vertical red dashed-
dotted line represents the direction of geomagnetic north-south (NS) over Hanle.
The first structure, consisting of multiple northwest-southeast (NW-SE) aligned
fronts propagating in the southwest (SW) direction, was observed in the central
part of the images from 16:08:24 UT (21:38:24 IST) to 18:57:40 UT (00:27:40
IST, 09 July 2018). Initially these multiple fronts were very thin and faint strip-
like structures (Figures 1a-c). As time progressed, these fainter strips started
merging with each other, evolved into two prominent groups of bands (Figure 1e)
and propagated further. Finally, these bands became defused and disappeared
within the imager’s FOV.

The second type of structure is a couple of plasma depleted fronts observed
close to the southeastern edge of the images between 17:23:28 UT (22:53:28
IST) and 17:54:59 UT (23:24:59 IST). These are marked with cyan dotted lines
and named as ‘d1’ and ‘d2’ (Figures 1f-h). Since only a small part of them
was visible within the FOV, we were unable to distinguish whether they were
a part of MSTIDs or a manifestation of plasma bubbles. Hence, we are calling
them just as plasma depleted fronts. These fronts (‘d1’ and ‘d2’) evolved with
time and later between 17:54:59 UT (23:24:59 IST) and 18:07:31 UT (23:37:31
IST) merged with each other forming a single band named as ‘D’. As time
progressed this band ‘D’ became much more conspicuous and extended further
northward within the FOV (Figures 1i-k). Later, it started decaying nearly from
18:45:08 UT (00:15:08 IST, 09 July 2018) and almost disappeared within the
FOV (Figures 1l-o). It is worth noting that these two structures, one at central
part and other at southeastern edge, did not interact with each other even
though they existed simultaneously. For the reader’s convenience, the complete
sequence of images on that night is reproduced in the form of a movie which is
available in the supplementary material of this paper.

Apart from the two types of structures described above, another plasma struc-
ture with very faint alternate high and low intensity bands was also observed
from the beginning. Since these bands were very faint, it was very challenging to
identify them in the unwarped images. In order to improve their visibility and
identify their features clearly, we have presented successive difference images in
Figure 2. It shows a sequence of these images, showing northward propagating
alternate bright and dark bands from 16:14:40 UT (21:44:40 IST) to 17:48:43
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UT (23:18:43 IST). The yellow arrow in Figure 2a indicates the alternate bright
and dark bands, which were oriented in the east-west (EW) direction and were
propagating northward. The horizontal velocity and wavelength of these bands
were found to be 113 ± 15 m/s and 175 ± 21 km, respectively. Initially, these
northward propagating bands appeared to as plane wavefronts (Figures 2a-b)
and as time progressed these plane wavefronts distorted, became curved, and
eventually dissipated (Figures 2c-o). For the reader’s convenience, the sequence
of successive difference images on that night is reproduced in the form of a movie
which is available in the supplementary material of this paper.

Within a period of nearly four hours, we simultaneously observed these three
structures having different characteristics. The most intriguing aspect of this
event was that despite existing simultaneously, the structures didn’t seem to
interact with each other.

3.2 Ionosonde Observations from New Delhi

In order to investigate background conditions and effects of the observed struc-
tures, we have utilized ionograms from a nearby digisonde at New Delhi, which
is marked by red triangles in Figures 1 & 2. A sequence of few ionograms is
prepared and shown in Figure 3. We observed a clear rise and fall in the F
layer trace and few ionograms showed presence of spread F. Furthermore, we
manually scaled the ionograms to get the F layer base height (h’F) and the
variation of the h’F with time is shown in Figure 4. Red asterisks and blue
diamond are showing the presence of spread F and blanketing sporadic E (Esb)
layer respectively. Black vertical dashed lines represent the start and end time
of the airglow observations on that night. between 14 UT (19.50 IST) and 16.50
UT (22 IST), h’F decreased gradually and after that, it increased till 17.25 UT
(22.75 IST), followed by another decrease in the h’F up to 18.30 UT (23.80 IST).
Beyond this, a sharp upliftment of the F layer was observed reaching nearly 300
km at around 20 UT (01.50 IST, 09 July 2018).

3.3 Neutral wind on 08 July 2018

In order to explain the generation, morphology and different features of the
observed structures, we examined the role of nighttime neutral winds. Since
actual observations of neutral wind are not available, we looked at the neutral
wind values obtained from the horizonal wind model (HWM14) (Drob et al.,
2015). We obtained the horizontal and meridional wind velocity in the same
region covered by the all-sky imager. Figure 5 shows the variation of meridional
wind between 15:20 UT (20:50 IST) and 20 UT (01:30 IST, 09 July 2018). The
horizontal wind velocity is plotted between 16:15 UT (21:45 IST) and 18:45 UT
(00:15 IST, 09 July 2018) in Figure 6. Blue arrows represent the direction of
the horizontal wind, and it was southeastward during this period with higher
southward (equatorward) component. These two figures show that the wind
was equatorward and its magnitude increased with time during the event.

4. Discussion
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Three characteristically different plasma structures were observed simultane-
ously over the Hanle on 08 July 2018. This day was geomagnetically quiet (Ap
= 4) and falls in low solar flux period (F10.7 = 74), which discarded any role
of geomagnetic disturbances (storm and sub-storm). We investigated this event
using data from multiple instruments and model. Section 3 covers all the unique
results of this event. The possible mechanisms behind the observed structures
and their features have been discussed hereafter.

4.1 Freshly generated electrified MSTID (EMSTID)

MSTIDs generated through Perkins’ instability are also known as electrified
MSTIDs (EMSTIDs), as these structures are accompanied by large electric fields
(Crowley & Rodrigues, 2012). They propagate in preferential direction towards
SW (NW) with NW-SE (NE-SW) oriented fronts in the northern (southern)
hemisphere. Different studies provided good insights in understanding EM-
STIDs during various seasons and solar cycle (Narayanan et al., 2014; Pimenta
et al., 2008). In the East Asian sectors, EMSTIDs occur primarily during sol-
stices with primary maxima during June solstices. In the present event, on a
geomagnetically quiet night during June solstice, we observed very faint NW-
SE aligned thin strip-like structures in the center of the airglow images, which
started appearing nearly from 16:08 UT (shown in Figure 1). As time pro-
gressed, these thin strips became prominent and appeared to interact with each
other while propagating in the SW direction. This gives the impression that the
strips were merging with each other to evolve into two separate groups. The
two groups appeared as two NW-SE aligned dark bands, which propagated to-
wards SW (Figures 1f-j). The observed thin strips appeared in the center of the
images, rather than propagating somewhere from NE of Hanle. The above re-
sults imply that they might be freshly or locally generated EMSTID over Hanle
region. Yadav, Rathi, Gaur et al. (2021) have reported one such case of locally
generated Perkins’ MSTID or EMSTID from the same imager on 06 May 2019.
These results indicate that EMSTIDs can even generate over the geomagnetic
low-mid latitude transition regions.

Though EMSTIDs are generated through Perkins’ instability mechanism, it
alone may not be very efficient in producing EMSTIDs due to its low growth
rate (Garcia, 2000; Kelley & Fukao, 1991; and references therein). This neces-
sitates some sort of seeding mechanism, such as gravity waves, ionospheric E-F
coupling, and inter-hemispheric coupling (Behnke, 1979; Cosgrove et al., 2004;
Cosgrove & Tsunoda, 2004; Fukao et al., 1991; Huang et al., 1994; Kelley et
al., 2000; Kelley & Fukao, 1991; Otsuka et al., 2004; Otsuka et al., 2007; Sh-
iokawa et al., 2005; Tsunoda & Cosgrove, 2001). For the present case of locally
generated EMSTIDs over Hanle, we looked for a possible source of seeding for
their generation. Gravity waves generated in the lower atmosphere can seed the
Perkins’ instability in the ionospheric F region and help in generation of EM-
STIDs (Huang et al., 1994; Kelley & Fukao, 1991). In order to check any role of
atmospheric gravity waves, we looked into the O(1S) 557.7 nm airglow images
from Hanle. These images did not show any gravity waves, which discarded the
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role of the lower atmospheric gravity waves in the observed EMSTID’s genera-
tion. However, it might be possible that thermospheric gravity waves generated
at the bottom of the F region aided the generation of the observed EMSTID.
In addition to the gravity waves, sporadic E (Es) layers may join the Perkins’
instabilities by coupling between the ionospheric E and F region (Cosgrove &
Tsunoda, 2004; Kelley et al., 2003; Tsunoda & Cosgrove, 2001;). Researchers
previously demonstrated that the Hall polarization electric fields generated in
the E layer instabilities interact with the polarization electric fields generated
by the Perkins’ mechanism in the F region (Tsunoda & Cosgrove, 2001). Otsuka
et al. (2007) and Ogawa et al. (2009) identified simultaneous occurrences of
MSTIDs and Es. It is important to note that E and F regions are coupled with
regions within a hemisphere as well as to the regions from the other hemisphere.
Otsuka et al. (2004) and Shiokawa et al. (2005) had previously reported con-
jugated MSTIDs from the Japanese and Australian longitudinal sector. There
is also a possibility that the observed MSTIDs were caused by polarization
electric fields provided through interhemispheric coupling from the conjugated
hemisphere. Since we didn’t have any observations from the conjugate point, we
are unable to comment on the interhemispheric coupling. The above-mentioned
seeding mechanisms increase the growth rate, leading to the generation of irregu-
larities within a reasonable time (Yokoyama et al., 2009; Yokoyama, 2013, 2014;
Yokoyama & Hysell, 2010). The seeding theories seem to be validated by exper-
imental observations (Chen et al., 1972; Otsuka et al., 2008, 2007; Saito et al.,
2007). In their simulation, Yokoyama et al. (2009) demonstrated that coupling
between E and F layer can dramatically increase the Perkins’ instability growth
rate as well as predict the formation of a westward propagating NW-SE aligned
MSTID fronts. Based on a simulation study, Yokoyama (2013) generated such
wave fronts, in which the author investigated the coupled dependence of the Es
layer instability and the frontal formation of MSTIDs on the wavelength of the
initial perturbations. The present case appears similar to the frontal formation
in Yokoyama (2013), where the initial fronts were very thin and had irregular
shapes. As time progressed, these fronts evolved and merged with each other
and eventually formed NW-SE aligned EMSTIDs’ fronts. It might be possible
that the Es layers somewhere northward of Hanle seeded the Perkins’ instability
and helped in generation of the observed EMSTID over Hanle. Unfortunately,
we didn’t have any data from the north of Hanle. Therefore, the role of E-F
coupling cannot be examined here. Previous studies and present results indicate
that the observed EMSTID was probably generated through E-F coupling or
interhemispheric coupling.

4.2 Ambiguous plasma depleted fronts

We observed two plasma depleted fronts ‘d1’ and ‘d2’ close to southeastern edge
of the imager’s FOV (Figures 1f-h) from 17:23:28 UT (22:53:28 IST). As time
progressed, these bands propagated in the FOV and later they got merged into
a single depletion ‘D’ (Figure 1i). Since the plasma depleted fronts ‘d1’, ‘d2’
and the merged band ‘D’ had only a small portion in the FOV close to the
southeastern edge and were evolving with time, we were unable to ascertain
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whether they were the part of an MSTID or Plasma bubble. Thus, they were
named as ambiguous plasma depleted fronts. The merged structure ‘D’ evolved
with time, became much more prominent and extended up to further northern
latitudes (Figures 1i-k). Initially, the northern extent of the merged plasma
depletion ‘D’ was up to 31.35°N latitude denoted as P1 (Figure 1i), later it
extended up to 33.4°N latitude denoted as P2 (Figure 1k). The extension of the
observed plasma depletion ‘D’ might be due to mutual interaction between ‘d1’
and ‘d2’ and/or due to the equatorward neutral winds.

Any plasma structure in northern hemisphere can extend further northward
when it reaches a higher altitude, at that point it follows the geomagnetic
field lines and mapped to higher latitudes. In mid-latitudes, the incre-
ment/decrement in the height of the ionospheric F layer is connected to
meridional winds and/or zonal electric fields (Amorim et al., 2011; Joshi et al.,
2016; Rout et al., 2018; Shiokawa et al., 2015; Sun et al., 2019). In the northern
hemispheric mid-latitude regions, equatorward wind causes an increase in the
h’F, while poleward wind decreases h’F (Rishbeth et al., 1987). Particularly
in low-mid latitude region where the electric fields have less effect than at
equatorial latitudes, polarity of the wind plays an important role in determining
the height of the F layer. During quiet time summer months, the nighttime
meridional wind flows equatorward (Fejer et al., 2002; Kawamura et al., 2000).
As a part of the study, we also investigated the role of the meridional winds over
Hanle region using horizonal wind model (HWM14) (Drob et al., 2015). We
analyzed the meridional winds for ±5° latitude-longitude regions around Hanle
from 15:20 to 20 UT and observed the presence of stronger equatorward wind
(Figure 5). The direction of the modeled wind matches well with the previously
observed winds during summer; however, the magnitude may differ from actual
observations. There was a stronger equatorward wind nearly from 18:20 UT
(Figures 5j-o), along with it we observed a clear rise in the h’F nearly from
18.5 UT (Figure 4). In addition, during this time no plasma structure passed
over the New Delhi digisonde. The equatorward wind might have pushed
the ionized layer from higher latitude to lower latitude and raised the F-layer
to higher altitudes over low-mid latitude regions. Generally, the ambient
electric field controls the F-region altitude through E × B drifts. Eastward
electric field causes an upward E × B drift and hence F layer height increases.
Assuming the plasma depletions ‘d1’ and ‘d2’ had eastward component of
electric field, when they interacted with each other, the two eastward electric
fields superimposed and formed a stronger resultant electric field (ER). This
resultant electric field (ER) with the geomagnetic field (B) caused a higher
upward ER × B drift. Due to which the merged plasma front ‘D’ attained
higher altitude and mapped to higher latitude regions through mapping along
the geomagnetic field lines. Both the equatorward wind and the resultant
electric field (ER) played the role in the northward extension of the merged
plasma depletion ‘D’.

4.3 Northward propagating non-electrified MSTID
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In the mid latitudes, the nighttime MSTIDs, generated by the Perkins’ instabil-
ity, usually propagate towards SW with NW-SE aligned phase fronts (Perkins,
1973). Previous reports from Hanle imaging observations give the weightage on
the predominant NW-SE aligned Perkins’ MSTIDs (Rathi et al., 2021; Rathi et
al., 2022; Yadav, Rathi, Gaur et al., 2021; Yadav, Rathi, Sarkhel, et al., 2021).
However, on the night of 08 July 2018, we observed EW aligned northward
propagating wave, somehow different from the EMSTIDs. Very few studies
have reported similar northward propagating wave structures and their detailed
characteristics. Ichihara et al. (2013) observed northward propagating MSTIDs
and concluded that upward propagating gravity waves were responsible for such
unusual poleward propagation. Bhat et al. (2021) observed EW aligned north-
ward moving MSTIDs over the low-mid latitude region (Srinagar, India) in the
northern hemisphere. They suggested that the atmospheric gravity waves trav-
elling from lower atmosphere were responsible for the northward propagating
MSTIDs in the northern hemisphere. According to Hines (1960), if gravity
waves were to blame for the observed northward moving structures, they would
follow a linear dispersion relation i.e,

𝑚2 = 𝑁2

(𝑢 − 𝑐)2 − 𝑘2 − 1
4𝐻2

Here, m (2�/�z) is the vertical wave number, where �z is vertical wavelength, N
is the Brunt Vaisala frequency, g is the acceleration due to gravity and H is
the scale height, u is the background wind velocity projected along the wave
vector, and c is apparent wave phase velocity, k (2�/�h) is the horizontal wave
number, where �h is the horizontal wavelength. In order to get estimate of the
scale height at the Hanle region, we used the MSISE00 model (Hedin et al.,
1991). At 250 km, the scale height was 20 km. At 250 km, projected wind
(u) was derived from horizontal wind model for this night. Taking �h = 175
km and c = 113 m/s as typical values and projected wind, u = 40 m/s, the
vertical wavelength �z would be nearly 112 km. For the gravity wave activity
to be observed in an emission layer, the vertical wavelength (�z) of the gravity
wave must be greater than the layer thickness. This is consistent with our
results, since the vertical wavelength of the gravity waves observed in the 630.0
nm airglow images was larger than the emission thickness of ~80 km (Sobral
et al., 1993). A ray tracing study by Vadas (2007) determined gravity wave
propagation characteristics and dissipation altitudes. It was found that gravity
waves require horizontal wavelengths greater than 100 km to reach height more
than 200 km (refer to Figure 9b in Vadas, 2007). The horizontal wavelength (�h)
of the observed bands was 175 ± 21 km. Furthermore, the authors have shown
that if the gravity waves are reaching above 200 km, it must have a minimum
intrinsic phase speed of 100 m/s. In the present case the intrinsic phase velocity
was 153 ± 15 m/s. All these results imply that the gravity wave might have
reached above 200 km and appeared in the 630.0 nm airglow images as gravity
wave MSTID.
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The gravity waves propagating from the lower atmosphere are subject to damp-
ing by kinematic viscosity, thermal diffusivity, and critical level filtering (Fritts
and Vadas, 2008; Vadas, 2007; Vadas and Fritts, 2005). The gravity wave
damping via viscous dissipation and thermal diffusion depends on its vertical
wavelength, intrinsic frequency, and phase speed (Vadas, 2007; Vadas and Fritts,
2005). However, the gravity waves with larger wavelength (�z) are less vulnera-
ble to the dissipative filtering (via viscous dissipation and thermal diffusion). If
the gravity waves have smaller �z, it enhances the effects of dissipative filtering,
thereby accelerating the gravity waves’ dissipation (Vadas, 2007). Whereas, the
critical level filtering damps the gravity waves by middle atmospheric neutral
winds (Fritts and Vadas, 2008). However, this process preserves the gravity
waves traveling oppositely to the neutral wind. In the present scenario, the
estimated mean wind speed (u) was ~40 m/s, opposite to the wave propagation
direction (Figure 6). As the velocity of the northward propagating waves dif-
fered from the background wind velocity and direction, the observed wave was
not subject to critical level filtering and thus propagated to the thermospheric
heights. Shiokawa et al. (2006) had earlier observed similar type of EW ori-
ented quasi-periodic southward moving waves and suggested their generation
through gravity waves and not by the thermospheric oscillating electric field.
Any kind of east/west directed polarization electric field, is unable to generate
the observed EW oriented fronts. Overall, the northward propagating MSTIDs
(EW alignment) are generated by gravity waves, and called as non-electrified
MSTIDs or gravity wave MSTIDs. However, gravity waves can be generated at
any latitude and longitude and can have any propagation direction. They can
originate in the lower (troposphere, stratosphere, mesosphere) as well as in upper
atmosphere (thermosphere) (Yiğit et al., 2020). Hocke et al. (1996) and Nicolls
et al. (2014) suggested ion drag by gravity waves causes neutral oscillations in
the F region, thus producing non-electrified or gravity wave MSTID. In order to
verify whether locally generated gravity waves played any role in the observed
northward propagating MSTID, we examined the 557.7 nm airglow images on
the same night over Hanle region. It revealed that there was no signature of
locally generated gravity wave activity. Therefore, any locally generated gravity
waves were not involved in the generation of the MSTID. However, involvement
of non-native gravity wave in generating northward moving observed MSTID is
plausible.

In addition to the northward propagation, the gravity wave MSTID exhibited
another interesting feature. Initially, the wavefronts were observed as plane
wavefronts (Figures 2a-b). As time progressed, the plane fronts became curved
and dissipated later (Figures 2c-o). In order to find out the possible reason
behind the transformation of the fronts, we looked into the neutral winds over
Hanle. Since we did not have any direct observation of neutral winds over
Hanle, we checked the HWM14 wind values. Figure 5 shows the variation of the
meridional wind velocity at 250 km on the night of 08 July 2018 obtained using
HWM14. The meridional winds were equatorward during the event time and
its magnitude increased with time. Along with the increment in the magnitude,
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there was a zonal gradient in the meridional wind between 16:20 UT and 17:40
UT (Figures 5d-h). The equatorward wind speed was lower in the western part
and increased towards east, indicating a zonal gradient. As the plane wavefronts
of the gravity wave MSTID experienced this gradient, the eastern part of the
plane wavefronts started bending and later fronts became curved.

4.4 A trio of non-interacting plasma structures

The observed three plasma structures existed simultaneously and underwent
evolution, deformation, and dissipation separately. We have discussed these fea-
tures of each individual structure in the previous sections. Here the main ques-
tion arises, why these structures did not interact with each other, even though
they existed simultaneously. There are previous studies, which reported inter-
action between simultaneously existing different ionospheric plasma structures
viz. MSTIDs, plasma depletions (Otsuka et al., 2012; Rathi et al., 2022; Yadav,
Rathi, Gaur et al., 2021; Yadav, Rathi, Sarkhel et al., 2021). In these studies,
authors explained the electrostatic interactions through the polarization electric
fields associated with these structures. In the present case, the observed three
structures appeared to be non-interacting. The first two structures, EMSTID
and ambiguous plasma depletions did not interact mutually, possibly because
they were quite separated from each other (Figures 1f-k). The most intriguing
aspect of this event was the lack of interaction between southwestward propagat-
ing EMSTID and northward propagating non-electrified MSTID, even though
they traversed the same region simultaneously (Figures 1 & 2). The absence
of any polarization electric field within the non-electrified MSTID could be a
reason for their lack of interaction. However, such ‘non-interactions’ between
overlapping electrified and non-electrified plasma structures need further inves-
tigations to provide more insights.

5. Summary and Conclusions

Using multi-instrument (630.0 nm airglow imager and digisonde) and model
simulated data, we investigated a unique event that occurred on the night of
08 July 2018 over geomagnetically transition region of low-mid latitude. Here,
we simultaneously observed three characteristically different plasma structures
over the Hanle region. The main conclusions of this study are as follows:

1. The first plasma structure was the locally generated electrified MSTID,
which evolved with time and propagated southwestward. As time pro-
gressed, different fronts of the EMSTID merged with each other, became
more prominent, and eventually dissipated. The E-F coupling might be
the probable cause for the generation of EMSTID over the Hanle region.

2. In addition, we observed two ambiguous plasma depleted fronts, which
later merged with each other and formed a single band. This merged
single band evolved with time, became more prominent, and extended
further northward. This northward extension of the merged front was
caused combinedly by the stronger equatorward wind and the resultant
eastward electric field.
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3. An unusual northward propagating non-electrified MSTID (gravity wave
MSTID) was also observed. Initially, the wavefronts of the MSTID were
plane fronts with EW alignment. Over time, the plane fronts of this
MSTID became curved, possibly due to a gradient in the meridional wind
in longitudinal directions.

4. Despite existing simultaneously, these structures did not interact mutually,
rather they individually underwent their own evolution, distortion, and
dissipation.
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Figure 1: A time sequence of 630.0 nm airglow images showing three charac-
teristically different structures on the quiet night of 08 July 2018. Red stars
and triangles are indicating the positions of Hanle and New Delhi, respectively.
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Figure 2: The successive difference images of 630.0 nm airglow images showing
a wave-like structure propagating northward on the quiet night of 08 July 2018.
Red stars and triangles are indicating the positions of Hanle and New Delhi,
respectively.
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Figure 3: Ionogram sequence on the night of 08 July 2018, from New Delhi
digisonde, showing rising and falling of F layer trace, and presence of spread F

Figure
4: The variation of h’F over New Delhi. Red asterisks and blue diamond
are showing the presence of spread F and blanketing sporadic E (Esb) layer,
respectively.
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Figure
5: Time sequence of Meridional winds during the event. These values are
derived by using HWM14 at an altitude of 250 km. Black star indicates the
position of Hanle.
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Figure 6: Time sequence of horizontal winds during the event. These values
are derived by using HWM14 at an altitude of 250 km. Red star indicates the
position of Hanle. Blue arrows represent the direction of the wind.
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