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Abstract 12 

 As a joint research collaboration between the National Atmospheric Research 13 

Laboratory (NARL), and the University of Kashmir (KU), NARL installed an all-sky airglow 14 

CCD imager (with centre wavelengths of 630nm, 557.7nm [2nm band widths] and 840nm [150 15 

nm wide band with blocking notch at 866 nm to avoid the contamination of molecular oxygen 16 

emissions]) in the University campus in Srinagar (75E, 34N, geographic) Jammu and Kashmir, 17 

India (western Himalayan region). To understand the upper atmospheric dynamics and 18 

ionospheric electrodynamics and their associated physical coupling mechanisms, the imager 19 

observes airglow emissions of OH molecules and atomic and molecular oxygen occurring at 20 

the heights of ~80-300 km. First-time airglow observations in Kashmir commenced in the night 21 

of August 11, 2017 and the present work reports on the characteristics of first-time observation 22 

of Medium Scale Travelling Ionospheric Disturbances (MSTIDs with horizontal wavelengths 23 

of ~100-300 km) which occurred during 20:30 - 22:30 hr. IST (Indian standard time) on August 24 

15, 2017 (India independence day).  Initially, the phase front of MSTIDs was aligned along the 25 

north-west and south-east direction and moved at ~57 m/s towards the south-west direction and 26 

finally the westward direction by aligning along the meridian before they disappeared. Along 27 

with SAMI-3 ionospheric model simulations, simultaneous multiwavelength airglow 28 

observations indicate that secondary gravity waves generated due to dissipation of upward 29 

propagating mesospheric gravity waves in the heights of ~85-95 km would have contributed to 30 

the generation of MSTIDs in the F region ionospheric plasma through electrodynamical 31 

coupling between the E and F region (Perkins instability) ionosphere.  32 
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1. Introduction 33 

 34 

Medium Scale Travelling Ionospheric Disturbances (MSTIDs) can be induced by 35 

atmospheric gravity waves generated by wind flow over mountains, wind shears and jet 36 

streams, auroral Joule heating effects and many other sources [Schunk and Nagy, 2000; 37 

Jacobson and Erickson, 1992a, 1992b; Jacobson et al., 1995; Afraimovich et al., 2003; Kotake 38 

et al., 2007; Tsugawa et al., 2007]. MSTIDs can be identified as mesoscale wave-like 39 

perturbation of the ionospheric plasma with horizontal wavelengths of several hundred 40 

kilometers, period of 15–60 min, and horizontal velocity of 100–250 m/s often observed in the 41 

mid latitude F-region ionosphere [Francis, 1974; Hunsucker, 1982]. Using the data of 350 GPS 42 

receivers of ionospheric total electron content obtained over Southern California, Kotate et al. 43 

[2007)] studied in detail the statistical characteristics of MSTIDs.  They categorized MSTIDs 44 

into (1) daytime MSTIDs which can be generated due to atmospheric gravity waves in the 45 

thermosphere mainly in winter and equinoxes and propagate mostly south eastward, (2) night 46 

time MSTIDs occurring frequently in summer and propagating south westward, which is 47 

consistent with the idea of polarization electric fields playing an important role in generating 48 

night time MSTIDs, (3) dusk time MSTIDs occurring frequently in summer and propagating 49 

north westward. Dusk time MSTIDs are thought to be caused by atmospheric gravity waves 50 

originating from the sunset terminator as the wave fronts are almost parallel to the sunset 51 

terminator. Airglow images obtained using high sensitive CCD cameras have revealed that 52 

night time MSTIDs normally propagate southward (e.g., Mendillo et al., 1997; Kubota et al., 53 

2000; Garcia et al., 2000; Shiokawa et al., 2003a), which cannot be explained by the classical 54 

theory of gravity waves (Miller et al., 1997; Kelley and Miller, 1997). Normally, day time/night 55 

time MSTIDs occur frequently in winter/June solstice in the Japanese and Australian 56 

longitudinal sector and near December solstice in the European longitudinal sector [Shiokawa 57 

et al., 2003a; Herna´ndez-Pajares et al., 2006; Kotake et al., 2006, 2007]. Earlier studies over 58 

Japan report that there is a good match between horizontal two-dimensional maps of total 59 

electron content perturbations (TECp) as determined by Global Positioning System (GPS) 60 

receivers and F region ionospheric 630 nm emissions [Saito et al., 2001; Ogawa et al., 2002]. 61 

Similar observations of both day and night time MSTIDs are also reported for the North 62 

American region [Kotake et al., 2007; Tsugawa et al., 2007]. In addition, night time F region 63 

field-aligned irregularities (FAIs) as observed by the MU radar in Japan also show high 64 

correlation with MSTIDs activity, both propagated south-westward with same velocities [Saito 65 
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et al., 2001]. Night time MSTIDs occur mainly in the bottom side of the F region where the 66 

peak emission rate of 630-nm airglow occurs at 250–260 km [Kubota et al., 2000; Ogawa et 67 

al. 2002].  68 

 69 

Some travelling ionospheric disturbances (TIDs) are identified as Travelling Wave 70 

Packet TIDs (TWPTID) which is associated with atmospheric acoustic-gravity waves. GPS 71 

based study of TWPTIDs indicates that they appear as quasi periodic wave packets with 72 

Gaussian envelopes of width ∼1 h modulated with periods of few tens of minutes [Afraimovich 73 

et al., 2003].  Based on space based (COSMIC also known as FORMOSAT‐3) observation of 74 

ultra violet emissions from the ionosphere in conjunction with the Very Large Array (VLA) 75 

radio telescope, located near Socorro, NM, Dymond et al. [2011] reported the observation of 76 

MSTIDs. They observed the MSTIDs as waves with 23.8, 11.9, and 10.6 min periods having 77 

speeds >200 ms−1 and traveling faster than typical night time MSTIDs speeds of ∼100–150 78 

m/s which are slower than the speed of sound in the thermosphere (∼ 400-800 m s−1) and are 79 

within the speed range associated with MSTIDs [Hocke and Schlegel, 1996]. Further, their 80 

VLA observations indicate the presence of MSTIDs with amplitudes of 0.14, 0.05, and 0.07 81 

TECU (total electron content unit = 1016 electrons/m2) and with the corresponding horizontal 82 

wavelengths of 239, 188, and 162 km. Using ground-based GPS receivers in the low latitude 83 

region of Taiwan, earlier Lee et al. (2008) detected night time MSTIDs, with wave fronts 84 

aligned along the northwest-southeast direction and with wavelength of ~500 km, moving 85 

south westward to latitude of 20.5N at the horizontal velocities between 100 and 160 m/s. 86 

Further, their observations indicated that MSTIDs play important role in the generation of low-87 

latitude F-region ionospheric plasma irregularities. 88 

 89 

Strong polarization electric fields found inside the structure of night time MSTIDs 90 

indicate that Perkins instability could play a major role in the generation of night time MSTIDs 91 

[Perkins, 1973; Garcia et al., 2000; Saito et al., 2002; Shiokawa et al., 2003b]. The Arecibo 92 

incoherent scatter radar also detected intense polarization electric field associated with night-93 

time mid-latitude F-region ionospheric MSTIDs [Miller et al., 1997]. The earlier classical 94 

theory of influences of atmospheric gravity waves on the generation of TIDs did not 95 

incorporate the effect of disturbed polarization electric field generated in the F region 96 

ionosphere (Hines, 1974). Perkins instability could successfully explain the normal observation 97 

of northwest–southeast alignment of density perturbations associated with night time MSTIDs 98 
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[Yokoyama, et al., 2008]. However, it predicts the propagation direction of MSTIDs in the 99 

north-eastward rather than the south-westward direction and the generated perturbation electric 100 

fields aligned along the MSTID wave fronts could cause them to move south westward [Kotake 101 

et al., 2007]. Various atmospheric and ionospheric phenomena like atmospheric gravity waves 102 

[e.g., Hunsucker, 1982], electrodynamic coupling between F- and E regions [e.g., Otsuka et 103 

al., 2007] and between two hemispheres [e.g., Otsuka et al., 2004; Shiokawa et al., 2005] is 104 

considered as an important seeding mechanism of the Perkins instability. The restriction in the 105 

southward propagation of MSTIDs beyond ~20N is due to higher electron densities in the low 106 

latitude regions as they can impede the southward advancement of atmospheric gravity waves 107 

(seed of the wave-like structure of MSTIDs) through the ion-drag effect [Liu and Yeh, 1969; 108 

Hines, 1972, Shiokawa et al., 2002, 2005]. The complex meso-scale structures of MSTIDs 109 

indicate the existence of an unknown interaction between the neutral atmosphere and the 110 

ionized plasma in the mid latitude ionosphere. 111 

 112 

Given the complex scenario of MSTIDs, as a collaborative research effort between 113 

NARL and the Dept. of Physics of University of Kashmir, Srinagar, Jammu and Kashmir, 114 

India, NARL has installed one all-sky airglow imager in the University campus to study the 115 

characteristics of mesospheric wave dynamics and the ionospheric electrodynamics in the 116 

Indian subtropical region. Since the Kashmir region is located in the western Himalayan valley 117 

region, it is expected that the atmospheric winds associated with subtropical jets can induce 118 

different kinds of atmospheric gravity waves upon hitting the western Himalayan hills from 119 

the west. The imager is operating at the centre wavelengths of (1) 630nm [atomic oxygen 120 

emission with peak at ~250km], (2) 557.7nm [atomic oxygen emission with peak at ~97 km; 121 

2nm band widths] and (3) 840 nm [OH emission (peak at ~86 km) with wide 200 nm band 122 

width and notch filter at 868nm to get rid of contaminating molecular oxygen emissions from 123 

the height of about 95 km). This paper delves on the linkage between the atmospheric gravity 124 

waves observed at the height of ~86 km and the travelling ionospheric disturbances namely 125 

MSTIDs detected at the height of ~250km. 126 

 127 

2. Airglow CCD imager data processing and SAMI3 ionosphere model 128 

 129 

Using a circular medium format F/4 Mamiya fish-eye-lens (24 mm focal length), the 130 

airglow CCD imager consists of a set of plano-convex lens in the front optics to make parallel 131 
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the rays of the collected light from space. These parallel rays are allowed to pass through 132 

temperature controlled Fabry-Perot etalon (interference filters) which is normally maintained 133 

at 25C. Filters are located inside a filter wheel that can accommodate up to six 3-inch diameter 134 

filters each with thickness of a quarter of an inch and they have 50-90 % transmission 135 

coefficients. Filters corresponding to the centre wavelengths of 630nm (O[1D]) and 557.7nm 136 

(O1S) have a narrow band width of about 2nm and the OH 840 nm filter is a 720-920 nm wide 137 

band filter with blocking notch at ~868nm to get rid of the contaminating molecular oxygen 138 

emissions. Separate narrow band filters with centre wavelengths of 866 and 868 nm are also 139 

fitted in the filter wheel. At near infrared (NIR) wavelengths, etaloning effects in the CCD 140 

camera are prominent and the data of which are not presented here as it requires further 141 

treatment of received emission signals. The optical rays after passing through the filters are 142 

allowed to pass through a relay optics system and finally they are collected on to a CCD camera 143 

(PIXIS, Princeton Instruments) which contains a back illuminated e2vCCD47-10 chip 144 

(ActonPixis1024B) with 1024×1024 square pixels each of which is having a size of 13.3 145 

µm,100% fill factor and 16-bit depth. The camera is cooled to -70C to minimise dark noise. 146 

In the present work, pixels are 2×2 bin averaged and hence finally the png format images 147 

generated will have 512×512 array of 16-bit digitized data values. The experiments were 148 

conducted by setting the scanning time of 100 seconds for the 630nm and 557.76nm filters and 149 

10 seconds for the 840nm filter as it is a wide band filter through which more intense signals 150 

of more wavelengths will propagate. The generated data images are then utilized for further 151 

analyses and the results are presented. Further details of the instrument and data, methodology 152 

of extraction of geographical coordinate information of various airglow emissions occurring at 153 

different heights can be found in Garcia et al. [1997], Kubota et al. [2001], Alok et al. [2013]. 154 

The present work adopted the image processing algorithms as mentioned in Alok et al. [2013].  155 

 156 

Imager data processing: 157 

 158 

 Using the relationship between the coordinates of the fish-eye-lens of the front optical 159 

system of the imager (zenith angle  and azimuthal angle ) and the geography of the imager 160 

site for a particular height in the atmosphere (horizontal distance r from the centre of the site 161 

and the azimuthal angle), the obtained raw images are un-warped to determine the geographical 162 

coordinates of particular interests of atmospheric and ionospheric information [Kubota et al., 163 

2001]. 164 
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 r = RE×α 165 

            α =  - sin-1(RE×sin/(RE + hag)) 166 

 167 

where  is the zenith angle, RE is the radius of the Earth and hag is the altitude and r is the 168 

horizontal radial distance from the centre of the image (site location) to the point of interest 169 

corresponding to the zenith angle (geographical spatial information) of the airglow emission 170 

layer. 171 

 172 

With this information of geographical coordinates of all the pixels of the observed 173 

image data and time sequenced images, the horizontal wavelength, period and phase speed and 174 

direction of moving phase fronts of atmospheric gravity waves or ionospheric plasma 175 

irregularity waves manifested in intensities of airglow emissions can be determined. Further, 176 

the phase speed of waves can be obtained from keograms by choosing a line along a particular 177 

phase front and calculating its slope from both the zonal and meridional keograms. This gives 178 

us the two components of phase velocities. e.g for a SW moving wave we get southward 179 

component from meridional keogram and westward component from the zonal keogram. Then 180 

the resultant phase velocity of the wave event is given by 181 

    vp = √ vm 
2 + vz

2,  182 

where vm = meridional phase velocity component and 183 

 vz = zonal phase velocity component. 184 

 185 

By knowing the time period from time series of images, we can easily determine the 186 

horizontal wavelength from the knowledge of horizontal phase velocity.  187 

 188 

Since the optical system can introduce nonuniformities in the distribution of recorded 189 

airglow emission intensity across all the pixels, firstly it needs to be corrected (flat field 190 

correction) before proceeding for further analyses. Using imager calibration data for each of 191 

the wavelengths of optical filters supplied by Keo-Scientific (manufacturer of the imager), 192 

enough care has been taken to remove the non-uniformities in the present work. As a result, 193 

the intensity values are given in SI units as Watt sr-1 m-2 which can be converted in to rayleigh 194 

units through the equation [Baker and Romick, 1976]. 195 

 196 

For example,  197 
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Wavelength, λ = 630nm = 0.63 µm 198 

1 rayleigh = 10-9/2πλ W sr-1 m-2 = 10-3/2π0.63 W sr-1 m-2 = 0.25×10-3 W sr-1 m-2 199 

Radiance, L = 0.01 W sr-1 m-2 (typical from Fig. 2 of the present work) 200 

L = 0.01 W sr-1 m-2 = 10 × 10-3 W sr-1 m-2 = 40 rayleigh 201 

 202 

 Apart from this non-uniformity, for a particular wavelength, airglow intensity 203 

decreases for the off-zenith rays approaching the front optics from the side of the lens compared 204 

to the zenith rays. However, at low elevation angles in the sides of fish eye lens, thicker airglow 205 

emission layer leads to increase in intensity (Van Rhijn effect) and thus partially compensates 206 

for the loss due to oblique incidence of the rays. If we remove (say few hours of observation 207 

on a particular day) all pixels-averaged signal from the original raw signal of each and every 208 

pixel in a particular frame, the remaining other nonuniformities also will be significantly 209 

removed. Similar methodology is adopted in the present work and nonuniformities are largely 210 

removed except for strong signals associated with stars and galaxies, which can be easily 211 

distinguished from the atmospheric features. 212 

  213 

 Atmospheric wave motions and their essential wave parameters like horizontal 214 

wavelength, phase speed and direction are determined by identifying their bright bands (intense 215 

airglow emissions associated with crest of wave motions) and their spatial separations as well 216 

as their time evolutions in time series of images. Wave front moving direction can easily be 217 

identified in the un-warped images which contain geographical coordinate information at a 218 

particular height corresponding to particular wavelength of airglow emission associated with 219 

that height region. Since the gravity wave phase speed is determined by noticing the time 220 

movement of high intense bands associated with crest of gravity waves in space (geographical 221 

coordinate mapping in images), errors in the calculation of wave speed arises due to the time 222 

evolving diffusion of these intense bands that have sizeable widths in space. Taking this into 223 

account the roughly estimated errors in wave speed and wavelength are provided in closed 224 

brackets along with actual speed values wherever mentioned in the remaining text. 225 

  226 

SAMI3 ionosphere model description: 227 

 In a unique, non-uniform, non-orthogonal and fixed grid, the Naval Research 228 

Laboratory (NRL) ionospheric plasma model SAMI3 [Huba and Krall, 2013] is a three-229 
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dimensional global model based on its earlier two-dimensional model SAMI2 [Huba et al., 230 

2000, 2008]. The SAMI3 calculates these ions densities: H+, He+, N+, O+, NO+, N2
+ and O2

+ 231 

ions in the heights of 85 km to 20,000 km and it is well suited for the studies of MSTIDs also 232 

as its updated version includes the information of mesospheric gravity waves that lead to the 233 

generation of MSTIDs (Huba and Krall, 2013). Further SAMI3 solves electron and ion 234 

temperature equations for H+, He+, and O+ ions by including ion inertia in the ion momentum 235 

equation along the geomagnetic (offset and tilted dipole) field lines. It offers modelling of the 236 

ionospheric plasma from hemisphere to hemisphere by employing ionospheric flux tube model. 237 

The information of vertical and zonal drifts of the ionospheric plasma due to E x B drifts 238 

associated with zonal (vertical drifts) and meridional (zonal drifts) electric fields is also 239 

included. While NRLMSISE00 model provides information of neutral composition and 240 

temperature, HWM model provides the neutral wind information as background input neutral 241 

atmospheric parameters for running the SAMI3 full physics model. More detailed information 242 

of the SAMI3 model data can be obtained from the website 243 

https://ccmc.gsfc.nasa.gov/models/modelinfo.php?model=SAMI3. 244 

 245 

3. Observations and results 246 

 247 

Figure 1 shows the NARL all-sky airglow imager observations of 630 nm emission, by 248 

atomic oxygen at the height of about 250 km in the F region ionosphere over the Indian 249 

subtropical station of University of Kashmir (75E, 34N, geographic; magnetic latitude ~26 N; 250 

~4000m above mean sea level), Srinagar, Jammu and Kashmir, on 15 August 2017. In total, 251 

there are 28 panels of figures, each of which is obtained for an individual scan period of 100 252 

seconds starting from 20:33 hr. IST (Indian Standard Time = UT+5:30hr) onwards and the time 253 

interval between two panel is about 4 minutes. It can be noticed that the top and left most panel 254 

(20:33 hr. IST) shows diffused dark bands and in the subsequent panels the bands appear 255 

moving towards the south-west direction. The bands (phase fronts) are aligned along the north-256 

west and south-east directions and the normal to these bands move towards the south-west 257 

direction. With time, multiple bands arrive in the field of view of the imager and move towards 258 

the south-west direction. There are three dark bands easily visible until 21:27 hr. IST and 259 

afterwards only two bands are visible with the last band appearing at further distance from its 260 

nearby band compared to other inter-band distances. It can also be noted that the bands start to 261 

align along the north-south direction (meridian) as time progresses. At 22:27 hr. IST, the bands 262 
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are aligned almost parallel to the North-South direction. The last wider dark band, aligned 263 

along the meridian, continues to move towards the west at 22:27 hr. IST. After reaching the 264 

centre of the image (over head of Srinagar), the dark band widens with time and at 22:59 hr. 265 

IST, the dark band expanded in such a way that the whole image appears dark with no 266 

signatures of movement. 267 

 268 

 Figure 2 shows unwarped images of four panels of Fig. 1 in geographical coordinates 269 

(covering the pixel number ranges of 101:400 and 101:400 in the east-west and north-south 270 

directions respectively).  They cover the horizontal space of ± ~700 km in the north-south 271 

direction (y-axis) and in the east-west direction (x-axis) at the height of ~250 km over KU, 272 

Srinagar. This is in contrast to that of Figure 1 which is in pixel coordinate (512 by 512). The 273 

image size is truncated to the pixels range 101-400 (instead of 1-512) which corresponds to 274 

maximum zenith angle (field of view) of ~57 for all the three filters to avoid unnecessary 275 

interfering signals (say surrounding street lights, buildings, trees) coming from nearby ground 276 

locations surrounding the imager site. Important quantitative information like (1) inter-band 277 

separation distance or horizontal wavelength, (2) band moving speed and direction and their 278 

time evolution is extracted from these images. It is also illustrated in Fig. 2 as to how the 279 

horizontal wavelength, speed and direction are estimated. It is observed that initially the 280 

horizontal wavelength (spatial separation between two white or dark bands) observed is about 281 

200 km (~±15 km, Fig. 2a) and within half an hour it became about 180 km (~±10 km, Fig. 2b) 282 

and in the next half an hour it became about 60 km (±8 km, Fig. 2c). In the next half an hour, 283 

the waves begin to disappear. As the bands cover the whole image, it is estimated that the total 284 

length of each of the bands is of the order of 900 km. Since the horizontal wavelength is 285 

significantly varying with time, it is difficult to find the exact speed of the moving phase front 286 

of these MSTIDs.  The calculated speed of the phase front turns out to be around 57 m/s (~±5 287 

m/s).  The four panels in this figure (Fig. 2) are separated in time by about half an hour 288 

beginning at 20:33 hr. IST. The intensity values are obtained by taking in to account of the 289 

calibration of the imager at 630 nm but with band width of about 2nm. The Van Rhijn and 290 

atmospheric extinction effects in the images are partially corrected by removing averaged 291 

signal strength from each of the pixels as these effects do not influence the interpretation of the 292 

physical structure of the observed MSTIDs in any significant way. Removing them is, 293 

therefore, inconsequential. 294 

 295 
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Figure 3 illustrates the keogram images of 630 nm emissions at ~250 km height that 296 

occurred on the night of 15 August 2017. While the x axes show the time period of observation, 297 

the y axes show the west-east evolution of north-south averaged 50 pixels. The horizontal 298 

north-south space covering 50 pixels is indicated on the top of the corresponding panels in 299 

which negative values denote the southern side of the imager location. The top and left most 300 

panel shows the southern side averaged (179-326 km in the south side of the imager at 250 km 301 

height) intensity of the 630 nm emission and its time as well as east-west spatial evolution. It 302 

can be easily identified that in the first one hour (20:30-21:30 hr IST as observed in the Figure 303 

1), there is well-defined bright patterns of intensity moving towards the west. In the next right-304 

side panel, covering the 84-179 km region in the South, it seems that there is an increase in the 305 

number of patterns in the east-west direction. The interesting thing to be observed here is that 306 

the intensity of these patterns gradually reduces in the northern side of the imager as noted in 307 

the bottom panels (Figure 3). Also, it can be noted that the well-defined patterns of four bands 308 

in the southern (top panel) side averaged intensity got diffused in the northern side (bottom 309 

panel). The estimated zonal wavelength is ~225 km (±15 km) and the phase front observed 310 

westward speed is about 50 m/s (~±5 m/s). Actually, different bands show variable zonal phase 311 

speeds.  Bands located in the far western side of the imager site shows westward phase speed 312 

of about 20 m/s (~±4 m/s) but those located near the zenith of the site shows large phase speed 313 

of about 50 m/s (~±5 m/s).  Bands located in the far eastern side of the imager shows about 25 314 

m/s (~±6 m/s). Wave activities are seen until about 22 hr. IST. Again, here, it can be noticed 315 

that the phase speed becomes slower with time and finally they moved mostly in the west 316 

direction with minimum speed. One more thing to be noticed here is that there are four bands 317 

visible in the first hour of observation (top middle panel in Fig. 3). The bottom most band, 318 

located and aligned along the west side of the imager, remained almost stationary and all other 319 

bands move westward with increasing speed in the eastward direction (bright band). The band 320 

structures appear to move mostly westward and the band patterns are similar in the northern 321 

and southern most averaged plots. Further, after 21:10 hr IST, the bands intensities reduced 322 

with time and finally around 22:40 all bands disappeared. 323 

 324 

 Figure 4 illustrates the same as Figure 3 except that here north-south and east-west 325 

directions are interchanged. In the southern side of the imager (-ve y axis), the well-defined 326 

strong intensity bands move towards the south in the first one hour with southward phase speed 327 

of about 110 m/s (~±10 m/s), meridional wavelength of ~200 km zonal wavelength of ~200 328 

km and horizontal wavelength of about 142 km (~±10 km). In addition to this, in the first hour, 329 
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there are small scale bands which move towards the north in the northern side (+ve y axes) of 330 

the imager. These features though weak extend for another one hour. The source mechanism 331 

of this northward moving small-scale bands might be due to the unstable ionospheric plasma 332 

conditions developed in the large-scale MSTIDS moving in the south-westward direction. 333 

Because the perturbed electric fields associated with MSTIDs and the earth’s magnetic field 334 

together can generate E×B drift of the plasma that flows orthogonal to the primary electric field 335 

of MSTIDs. In addition, there are beaded string (21:48-22:24 IST) types of intensities with 336 

signatures of movement in time from ~21:40 hr IST onwards, which are nothing but signals 337 

associated either with stars or cloud motions occurring in the lower atmosphere. In order to 338 

find whether the movement of observed band patterns towards the west or south is a regular 339 

phenomenon, the same analysis was carried out for the next day also i.e.  August 16, 2017. No 340 

such wave pattern was observed on the August 16 night.  341 

 342 

 343 

4. Discussion and conclusions 344 

 345 

 From Figure 1, one important observation is that after the dark and bright bands of 630nm 346 

emission are aligned along the N-S direction, the bands lose their distinct shape and expand in 347 

the east-west direction and finally all the bands either disappear or merge into a single one 348 

marking the end of the life of TIDs or specifically MSTIDS as in the present case. It is to be 349 

recalled that while the Perkins instability makes the bands to align along the north-west and 350 

south-east directions, it is either the southward moving winds or winds associated with 351 

southward propagating atmospheric gravity waves that make these bands to move in the south-352 

west ward direction in night times. While moving so, the earth’s magnetic field slowly tries to 353 

control the time evolving plasma bands through time evolving perturbation electric field as its 354 

strength and hence the strength of E×B drift speed increases with time. This would make both 355 

the inter band spacing and the band width, particularly the dark bands, to increase. Once these 356 

bands get aligned along the N-S direction, they come under the full control of the earth’s 357 

magnetic field. This may be one of the major reasons that the initial south-westward motion of 358 

MSTIDs finally becomes westward motion and then they dissipate. These mechanisms are well 359 

illustrated in all the panels of Figure 1.  360 

 361 
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Now the source of the atmospheric gravity waves needs to be taken in to account. Figure 5 362 

is identical to Figure 3 except that it is now the airglow emissions at the centre wavelength of 363 

840 nm associated with OH molecular emissions occurring at the height of about 86 km. It is 364 

interesting to note here that similar to Figure 3 for atomic oxygen emissions at ~250 km height, 365 

OH emissions at 86 km (top and left most panel in Fig. 5) also show similar and distinct band 366 

patterns of bright emissions moving westward (~5 m/s) in the first one hour of observations. 367 

Fig.6 shows the same as in Fig. 5 except that it is now 50 bins averaged in the east-west 368 

direction and the features moving (~2.5m/s) southward.  The southward motion of bright 369 

patches of 840 nm emission intensity clearly indicates that the mesospheric gravity waves 370 

observed in the present work at the height of ~86 km propagated in the south-westward 371 

direction with moving speed of ~5.6 m/s. Figure 7 shows the same as Figure 5 but for the 372 

557.7nm emission by atomic oxygen at the height of about 97 km. Similar to the Figures 3 and 373 

5, Figure 7 (557 nm emissions in the height of ~97 km) also shows that there is a kind of band 374 

pattern moving westward in the first two hours in the southern side averaged (top panel) 375 

intensities. The north ward moving band patterns visible in Figure 8, which is for the 557.7nm 376 

emission and is same as Figure 6 except for the 840 nm emission, are thought to be due to in-377 

situ generated gravity waves. 378 

 379 

The simultaneous occurrence of bright and dark bands in all the three wavelengths (at the 380 

heights of ~8%km, ~97km and ~250 km) in the first one hour of the present observation period 381 

would indicate that mesospheric gravity waves would have contributed to the appearance of 382 

MSTIDs in the F region ionospheric plasma. To our knowledge, this result is first of its kind 383 

showing simultaneous occurrence of west ward moving airglow band at the heights ranging 384 

from 85 km to about 250 km. The present observation of  northward (Figure 8) moving patterns 385 

of 557.7 nm emission at ~97 km, southward (Figure 6) moving patterns (many bands) of 840 386 

nm emission at ~85 km and  the south ward (Figure 3) moving ionospheric plasma at ~250 km 387 

(only a few bands associated with MSTIDs) raises an important question that how the MLT 388 

region (mesosphere and lower thermosphere) small horizontal wavelength atmospheric gravity 389 

waves would have led to generation of large horizontal wavelength MSTIDs in the F-region 390 

ionosphere. Further, Perkins instability mechanism demands southward moving winds to 391 

generate the south-westward propagating MSTIDs (Jonah et al. 2016). The southward moving 392 

atmospheric gravity waves in the mesosphere can lead to the generation of MSTIDs. To explain 393 
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this, we calculated the vertical wavelength of the gravity waves observed in the 840 nm 394 

emission (~85 km height) by using the gravity wave dispersion relation (Hines, 1960) 395 

 m2 = N2/(U-c)2 - k2 – 1/4H2      ----- (1)  396 

where m = 2π/λz is the vertical wave number of gravity waves 397 

N = 2π/T is the Brunt-Vaisala (BV) frequency and T is the BV period ~ 6 minutes in the 398 

mesosphere region near 85 km 399 

k = horizontal wavelength; H is the atmospheric temperature scale height ~ 8 km in the 400 

mesosphere. 401 

In the present work it is obtained ~25 km and ~15 km as zonal wavelength (0.04 per km 402 

wavenumber) and meridional wavelength (0.06 per km wavenumber) respectively. The 403 

horizontal wavenumber is = sqrt[(0.04*0.04)+(0.06*0.06)] = sqrt[0.0016+0.0036] 404 

=sqrt(0.0052) = 0.07; horizontal wavelength = 1/0.07 = 14.2 km   405 

Here c, phase speed of the gravity waves and k can be obtained from the imager data of OH 406 

emissions in the height of ~85 km. 407 

The values obtained from the analyses of the images of the present work are: 408 

   c = -5 m/s (present OH image data) 409 

   k = 2π/14.2 km (present OH image data) 410 

   U = -90 m/s (TIDI (TIMED satellite data for the height of ~85 km) 411 

   Please see the height range of 82-90 km in Fig. 9 in which except for one profile (76E, 412 

39N) all the other four profiles show values (negative) more than 90 m/s and within up to about 413 

175 m/s.  414 

With these values inserted in equation 1, the value of the square of the vertical wavenumber 415 

becomes negative and hence these waves can be classified as external or transient gravity 416 

waves that cannot propagate above this height of ~ 85 km. It is interesting to note here that at 417 

the height of ~97 km (Figs. 7 & 8, atomic oxygen emission, 557.7nm), the southward 418 

propagating gravity waves observed in the heights of ~85 km (OH emission; 840 nm) is 419 

disappeared but there is a presence of northward propagating waves. It is interesting to 420 

understand what would have happened to the mesospheric (~85 km) gravity waves in the lower 421 
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thermosphere (~97 km) and how other new gravity waves generated there at ~97 km height.? 422 

Fig. 9 indicates that the strong negative wind speed (south-west ward) changes its direction 423 

around ~90 km height and becomes positive (north-east ward) above about 97 km height. It is 424 

speculated here that this strong wind shear in the heights of 90-97 km would have led to the 425 

dissipation of the gravity waves observed in the mesospheric heights of ~85 km. The observed 426 

northward moving gravity waves at ~97 km height is possibly due to in-situ generated 427 

secondary gravity waves that arose due to either dissipation of the upward propagating 428 

mesospheric gravity waves or any other tides or planetary waves or a mixed of all these waves. 429 

It is taken as a future exercise to determine the exact source mechanism of the northward 430 

propagating gravity waves in the height of ~97 km during the first few hours of observation on 431 

15 August 2017. It seems that the secondary gravity waves observed in the height of ~97 km 432 

would have been dissipated in the higher heights of about 105 km (Fig. 9) as there is another 433 

strong vertical shear of horizontal wind near this height (reversal of wind near 105 km in Fig. 434 

9). 435 

 436 

Given this scenario of observation of gravity waves near the height of ~85 km (OH 437 

emission, 840 nm, Figs. 5 & 6) and their dissipation in the higher heights of about 97 km and 438 

the generation of secondary gravity waves at this height along with their possible dissipation 439 

around 105 km, how could atmospheric gravity waves would have contributed to the generation 440 

of MSTIDS in the present study. This is an intriguing question that demands convincing 441 

answers to explain the exact generation mechanisms of MSTIDS. Here it is needed the 442 

knowledge of basic physical principles of generation of both the MSTIDs and the contribution 443 

of atmospheric gravity waves to them for their growth in the F region ionosphere. Full physics- 444 

based model simulations of generation and dissipation of atmospheric gravity waves and their 445 

coupling with ionospheric plasma physics can shed light on this issue. Fig. 12a shows the 446 

SAMI3 ionosphere model results of height profiles (85-150 km) of electron density and their 447 

time evolution (13:30 – 24:00 UT; 19:00 – 05:30 IST on 15 August 2017) over the CCD imager 448 

site of Srinagar. It can be observed that above the height of 85 km and up to the height of about 449 

110 km, the electron density varies at high frequencies (time) comparing to those at heights 450 

higher than 110 km. This would indicate that direct influences of mesospheric and lower 451 

thermospheric gravity waves on the ionospheric plasma would have been limited to heights 452 

below 110 km. Above this height, secondary gravity waves generated through dissipation of 453 

upward propagating lower atmospheric gravity waves could be one of important source 454 
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mechanisms of periodic motions in ionospheric plasma irregularities. The influences of these 455 

secondary waves on ionospheric plasma can be seen even up to above the peak (electron 456 

density) of the F region ionosphere. Fig. 12b illustrates this phenomenon clearly; here one can 457 

see the influence up to the height of ~500 km. Fig. 13 illustrates the time evolution of horizontal 458 

map of (60E-90E; 20N-50N; geographic) SAMI3 model electron density at the height of 125 459 

km where the signature of MSTIDs started to be visible from below. As the centre of this figure 460 

approximately matches the location of the CCD imager site, Srinagar (75E, 34N; geographic), 461 

it can be seen clearly how the periodic variation of electron density portrayed. At 13:30 UT 462 

(19:00 IST, Fig. 13a), there is no clear periodic variation of electron density noticed except for 463 

its gradual decrease with longitude which is normal and expected as our earth rotates and hence 464 

decreasing ionizing radiation from sun for the E region ionosphere. Oscillating patterns started 465 

to be visible at 14:30 UT (Fig. 13c) and at 15:00 UT (Fig. 13d) it is clearly seen the oscillations 466 

in electron density in the latitude region of ~37-45 N.  The oscillating patterns, drifting mostly 467 

westward with time, is disappeared at 16:30 UT (22:00 IST, Fig. 13g) in regions beyond 67E. 468 

The present imager data also showed similar time variations of MSTID (Fig. 1). This shows 469 

that the SAMI3 model finely reproduced the MSTID structures as observed by the CCD imager 470 

over Srinagar. 471 

 472 

Secondary gravity waves leading to generation of MSTIDs 473 

 474 

 As the mesospheric and lower thermospheric gravity waves seen in the heights of ~85 475 

km and ~97 km would have possibly dissipated below ~105 km because of the strong wind 476 

shears at the heights of ~90 km and ~105 km, it is imperative to find a logic reason to link these 477 

observed waves with simultaneous appearance of MSTIDs over the CCD imager site of 478 

Srinagar. As an interesting work supporting the present observations, Vadas and Liu (2009) 479 

reported the generation of fast- and large-scale secondary gravity waves in the lower 480 

thermosphere from the dissipation of upward propagating lower atmospheric convectively-481 

generated slow-moving small and medium scale gravity waves. Using the high-resolution 482 

NCAR Thermosphere-Ionosphere-Mesosphere-Electrodynamics General Circulation Model 483 

(TIME-GCM) they studied the response of the thermosphere and ionosphere to the dissipation 484 

of the gravity waves generated from a single deep convection in the lower atmosphere. They 485 

successfully simulated the generation of large scale travelling ionospheric disturbances 486 
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(LSTIDs) due to the propagation of the excited, large-scale, secondary GWs with horizontal 487 

wavelengths of the order of more than 2000 km in the heights of 120-250 km. The convectively 488 

generated gravity waves had horizontal wavelength of ~40–150 km, vertical wavelength of 50–489 

65 km, and period of 10–20 min and their dissipation in the lower thermosphere led to the 490 

generation of secondary gravity waves with horizontal wavelength of the order of 2000 km, 491 

period of 80 min and horizontal speed of 480-510 m/s. Similar further studies by Vadas and 492 

Liu (2013), Vadas and Crowley (2010), Vadas (2013) also reported excitation of secondary 493 

gravity waves with horizontal wavelengths of ~100-4000 km and phase speeds of ~100-500 494 

m/s in the heights of 120-250 km due to dissipation of upward propagating gravity waves. It is 495 

also claimed that these secondary large- scale gravity waves can propagate globally and 496 

vertically beyond above 400 km and induce moving ionospheric plasma disturbances like 497 

MSTIDs or LSTIDs [Vadas and Liu, 2013; Liu and Vadas, 2013].  498 

 499 

For the present report, it can be argued that the simultaneous occurrence of MSTIDs in the 500 

ionosphere and the gravity waves in the mesosphere (OH, 85 km) and lower thermosphere (O, 501 

97 km) can be completely independent of each other. To strengthen the point of view that they 502 

are strongly linked to each together, one can compare the time period and evolution of the 503 

mesospheric gravity waves (Fig. 5) and MSTIDs (Fig.3). It is outstandingly matching and both 504 

the signals lose their significance after 22 hrs IST. Then the next question to be addressed here 505 

is that when gravity waves take hours to reach the ionosphere from the mesosphere, how can 506 

they simultaneously be present. It is to be noted here is that the south-west ward propagating 507 

gravity waves detected at ~85 km are evanescent ones (m2 is negative at ~85 km height where 508 

the waves were detected in the imager as mentioned above) and the strong wind shear in the 509 

heights of 85-95 km (Fig. 9) would have dissipated them there. The turbulence generated thus 510 

would have generated secondary gravity waves above about 100 km and these secondary 511 

gravity waves would have influenced the E region electric field leading to the appearance of 512 

MSTIDs in the SAMI 3 model (Figs. 11 and 12). At around 22:30 IST, the simultaneous 513 

disappearance of MSTIDs in the 630nm emission (Fig. 3) and in the SAMI3 electron density 514 

(Fig. 13g) and gravity waves in the mesosphere (Fig.5) over the Srinagar site (75E) clearly 515 

illustrates that they strongly related to each other. Furthermore, if the observed MSTIDs were 516 

generated somewhere in the mid latitudes and they just travelled over Srinagar, then they 517 

should be still travelling and visible in the SAMI 3 model (Fig. 13g). But they disappeared in 518 

all the observations simultaneously.  519 
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Another interesting feature is the observation of a secondary generation of ionospheric 520 

plasma motions that move in the northward direction (Figure 4) in contrast to the MSTID 521 

motion which is in the southward direction. The more interesting characteristic of the 522 

secondary plasma motion is that it is restricted to be only generated in the northern side of the 523 

imager site. A further detailed analysis of this observation will surely lead to more 524 

understanding of the characteristics of locally generated MSTIDs, which is also taken as the 525 

future scope of the present study.  526 

 527 

Western Himalayan topography link with mesospheric gravity waves 528 

 529 

Since the filter with 840nm as central frequency is actually a wide band (~720-920 nm with 530 

blocking notch at ~866 nm) filter in the near infra-red (NIR) region, its scan time is only ten 531 

seconds otherwise the receiver CCD camera would be saturated. As the lower atmospheric 532 

cloud patches can emit strong NIR signals, it is possible to determine their horizontal velocities 533 

by assuming that they are located at around 5 km height. Exact height determination of cloud 534 

patch heights is possible by triangulation method but it needs a minimum of three imagers 535 

separated in location by tens of kilometres distance. With single imager there may be error in 536 

the assumption of 5 km height of the clouds but the determination of speed of clouds will not 537 

change drastically as the clouds are normally spread within few kilometres of height. So, it is 538 

reasonable to assume that the cloud patches observed in the 840 nm filter are at 5 km height. 539 

As a result, the signals obtained using this filter will contain both the OH emission from the 540 

height of ~86 km as well as the emissions from cloud patches in the lower atmosphere. In 541 

Figure 6, for the keogram of time evolution of north-south spread of emissions of 840 nm 542 

averaged in the east-west direction, it can be easily identified that there are many series of small 543 

blobs of high intensities moving towards the north direction with more intensity in the eastern 544 

side (top panel of Figure 6) of the imager. By assuming that the cloud patches are located at 545 

the height of about 5 km, the northward speed of the clouds is estimated to be about 12 m/s 546 

(~±2 m/s), which is obtained from the rough measurement of time taken by a single cloud patch 547 

(thick blob of high intensity) to move from the south to north end as in the top middle panel of 548 

the Figure 6. This is in excellent agreement with ERA-5 reanalyses meridional wind velocity 549 

at 5 km (Fig. 10d) over the Kashmir region. Fig. 11 shows the topography of the Kashmir 550 

region corresponding to Figure 10. It seems that northward moving winds (Figure 10d) in the 551 
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lower atmosphere would have generated the lower atmospheric gravity waves by hitting over 552 

the Himalayan mountain range from the south. Wind disturbances created in the upwind 553 

streamside because of the wind flow from the south to the north would have converted into 554 

southward propagating gravity waves in the higher heights and propagated vertically up into 555 

the mesosphere and lower thermosphere region over Srinagar (upwind streamside valley 556 

region). This may be one of the reasons that MSTIDs are more intense (top panel in Fig. 3) in 557 

the southern side of the imager rather than in the northern side in the present work. This would 558 

lead to the speculation that the MSTIDs reported in the present work were not generated in the 559 

mid latitude region but they occurred as a result of lower atmospheric gravity waves generated 560 

due to the effect of wind-flows over topography of mountains of the western Himalayas in the 561 

Kashmir region. The observed gravity wave patterns in the mesospheric heights (840nm, Fig. 562 

5) of about 86 km further supports our inference that it is the locally generated atmospheric 563 

gravity waves that led to the generation of MSTIDs over the Kashmir region.  564 

Normally, it is believed that topography generated gravity waves will have zero phase 565 

speeds but the present observed mesospheric gravity waves possess phase speeds of about -35 566 

m/s (± 5 m/s). Then question arises as to how the high phase speed gravity waves observed in 567 

the mesosphere can be associated with topography in the lower atmosphere. If wind flows over 568 

mountains generate non-hydrostatic gravity waves then they will have phase speeds depending 569 

on the wave generation mechanisms and the background atmospheric wind and temperature 570 

conditions in which the waves are generated and propagated [Bacmeister and Schoeberl, 1989]. 571 

If hydrostatic gravity waves are generated then they will have stationary phase speeds. Here 572 

we don’t know what kind of gravity waves were generated because of wind flows over the 573 

Himalayas in the lower troposphere. Determining the gravity waves characteristics generated 574 

in the lower atmosphere needs lot of atmospheric wind and temperature information 575 

surrounding the Himalayas as well as in the higher levels of the atmosphere where the waves 576 

are propagating vertically upwards. As we don’t have observational information regarding 577 

these physical processes, it is speculated that the gravity waves generated there would have 578 

non-hydrostatic character and acquired high speeds in the mesosphere. Model simulations can 579 

help but that is beyond the scope of the present work and it is taken as future scope. However, 580 

the basic question here is that whether this wind speed of about 12 m/s at about 5km height 581 

near the CCD imager site of Srinagar is sufficient for the generation of atmospheric gravity 582 

waves in the troposphere. Durran (1990) showed how this parameter, NH/U where N is the 583 

Brunt-Vaisala frequency, H is the height of mountain and U is the background wind speed, can 584 
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shed light on whether gravity waves can be generated with the given wind velocity and 585 

mountain height. 586 

For a bell-shaped mountain (with height H km) in the troposphere,  587 

N = 1/BT = 1/5×60 = 1/300 = 0.0033 (typical in the troposphere) 588 

where BT is the Brunt-Vaisala period. 589 

H = ~4km = 4000m (Fig. 11) 590 

U = ~12 m/s (Fig. 10) 591 

NH/U = 0.0033×4000/12 = 1.11 592 

According to Durran (1990), this value of NH/U = 1.11 can lead easily to generate vertically 593 

and horizontally propagating gravity waves and hence it can be said that the lower atmospheric 594 

topography and wind conditions near the CCD imager site of Srinagar were well suited for the 595 

generation of atmosphereic gravity waves that can propagate vertically up into the mesosphere. 596 

 597 
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 625 

 626 

Figure legends 627 

 628 

Figure 1 shows 36 panels (scans) of all-sky airglow images taken with NARL CCD imager at 629 
630 nm (2nm band width) for atomic oxygen emissions at ~250 km height in the campus of 630 
University of Kashmir (KU), Srinagar, Jammu and Kashmir, India on 15 August 2017. The 631 
scan time is 100 seconds and the time interval of the scans is about 4 minutes. 632 
 633 
Figure 2 illustrates the rectilinear-geographical spatial information of 630 nm emissions as 634 
shown in Fig. 1 (on 15 August 2017) for four scans separated by half an hour. While the y axes 635 
(zenith angle of -57° – 57°) run from South (bottom) to North (top), the x axes (zenith angle of 636 
-57° – 57°) run from West (left) to East (right) centred over KU, Srinagar. The colour bar 637 
values (emission intensity) are given in W sr-1 m-2 which can be converted into Rayleigh unit 638 
as 1 Rayleigh = 10-9/2πλ W sr-1 m-2 = 10-3/2π0.63 W sr-1 m-2 = 0.25×10-3 W sr-1 m-2. 639 
 640 
Figure 3 depicts the keogram of 630 nm airglow images (as observed in the Figure 1 on 15 641 
August 2017) averaged in 50 bins in the North-South direction and their time evolution (x axes) 642 
is shown for the West (bottom) to East (top) direction in single pixel levels. The pixels are 643 
converted into rectilinear geographical coordinates for the height of 250 km centred over KU, 644 
Srinagar. 645 
 646 
Figure 4 shows the same as the Figure 3 except that North-South and East-West are 647 
interchanged in the present keogram.  648 
  649 
Figure 5 illustrates the same as the Figure 3 but for the 840 nm emissions of OH molecules 650 
from the height of about 86 km (maximum zenith angle covered is -57° - 57°). The colorbar 651 
values (emission intensity) are given in W sr-1 m-2 which can be converted into Rayleigh unit 652 
as 1 Rayleigh = 10-9/2πλ W sr-1 m-2 = 10-3/2π0.84 W sr-1 m-2 = 0.19×10-3 W sr-1 m-2. 653 
 654 
 655 
Figure 6 illustrates the same as the Figure 4 but for the 840 nm emissions of OH molecules 656 
from the height of about 86 km. 657 

Figure 7 illustrates the same as the Figure 5 but for the 557.7nm emissions of atomic oxygen 658 
from the height of about 97 km. The colorbar values (emission intensity) are given in W sr-1 659 
m-2 which can be converted into Rayleigh unit as 1 Rayleigh = 10-9/2πλ W sr-1 m-2 = 10-660 
3/2π0.557 W sr-1 m-2 = 0.29×10-3 W sr-1 m-2. 661 
 662 
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 663 
Figure 8 illustrates the same as the Figure 6 but for the 557.7nm emissions of atomic oxygen 664 
from the height of about 97 km. 665 
 666 
Figure 9 provides the height profiles of wind speeds (TIDI-TIMED satellite data) obtained for 667 
few longitudes and latitudes centred around the Kashmir region 668 
 669 
Figure 10 depicts the ECMWF reanalyses 5 (ERA-5) zonal and meridional wind velocities at 670 
700 mb and 500 mb levels at 15:00 UT on 15 August 2017 671 
 672 
Figure 11 shows the topographic (ISRO-Bhuvan data) structure of the erstwhile state of Jammu 673 
and Kashmir (J&K), India corresponding to the Figure 10. The imager station, Srinagar, 674 
marked as asterisk symbol, is located in the present J&K Union Territory of India.  675 
 676 
Figure 12 presents the results of SAMI3 ionosphere model (a) time evolution (13:30 – 24:00 677 
UT) of electron density in the heights of 85-150 km for the Srinagar location (75E; 34N 678 
geographic) on 15 August 2017 (b) same as a except for the heights of 85-500 km and time of 679 
00:00-24:00 UT. 680 
 681 
Figure 13 Ilustrates the contour plots (x and y axes for latitude and longitude respectively) of 682 
electron density (SAMI3 model) at the height of 125 km centred over the CCD imager location 683 
of Srinagar, at (a) 13:30 UT (b) 14:00 UT (c) 14:30 UT (d) 15:00 UT (e) 15:30 UT (f) 16:00 684 
UT (g) 16:30 UT and (h) 19:00 UT 685 
 686 
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Figures

Figure 1

shows 36 panels (scans) of all-sky airglow images taken with NARL CCD imager at 630 nm (2nm band
width) for atomic oxygen emissions at ~250 km height in the campus of University of Kashmir (KU),
Srinagar, Jammu and Kashmir, India on 15 August 2017. The scan time is 100 seconds and the time
interval of the scans is about 4 minutes.



Figure 2

illustrates the rectilinear-geographical spatial information of 630 nm emissions as shown in Fig. 1 (on 15
August 2017) for four scans separated by half an hour. While the y axes (zenith angle of -57° – 57°) run
from South (bottom) to North (top), the x axes (zenith angle of -57° – 57°) run from West (left) to East
(right) centred over KU, Srinagar. The colour bar values (emission intensity) are given in W sr-1 m-2 which
can be converted into Rayleigh unit as 1 Rayleigh = 10-9/2πλ W sr-1 m-2 = 10-3/2π0.63 W sr-1 m-2 =
0.25×10-3 W sr-1 m-2.



Figure 3

depicts the keogram of 630 nm airglow images (as observed in the Figure 1 on 15 August 2017)
averaged in 50 bins in the North-South direction and their time evolution (x axes) is shown for the West
(bottom) to East (top) direction in single pixel levels. The pixels are converted into rectilinear geographical
coordinates for the height of 250 km centred over KU, Srinagar.



Figure 4

shows the same as the Figure 3 except that North-South and East-West are interchanged in the present
keogram.

Figure 5

illustrates the same as the Figure 3 but for the 840 nm emissions of OH molecules from the height of
about 86 km (maximum zenith angle covered is -57° - 57°). The colorbar values (emission intensity) are
given in W sr-1 m-2 which can be converted into Rayleigh unit as 1 Rayleigh = 10-9/2πλ W sr-1 m-2 = 10-
3/2π0.84 W sr-1 m-2 = 0.19×10-3 W sr-1 m-2.



Figure 6

illustrates the same as the Figure 4 but for the 840 nm emissions of OH molecules from the height of
about 86 km.

Figure 7



illustrates the same as the Figure 5 but for the 557.7nm emissions of atomic oxygen from the height of
about 97 km. The colorbar values (emission intensity) are given in W sr-1 m-2 which can be converted
into Rayleigh unit as 1 Rayleigh = 10-9/2πλ W sr-1 m-2 = 10- 3/2π0.557 W sr-1 m-2 = 0.29×10-3 W sr-1 m-
2.

Figure 8

illustrates the same as the Figure 6 but for the 557.7nm emissions of atomic oxygen from the height of
about 97 km.



Figure 9

provides the height pro�les of wind speeds (TIDI-TIMED satellite data) obtained for few longitudes and
latitudes centred around the Kashmir region



Figure 10

depicts the ECMWF reanalyses 5 (ERA-5) zonal and meridional wind velocities at 700 mb and 500 mb
levels at 15:00 UT on 15 August 2017

Figure 11

shows the topographic (ISRO-Bhuvan data) structure of the erstwhile state of Jammu and Kashmir (J&K),
India corresponding to the Figure 10. The imager station, Srinagar, marked as asterisk symbol, is located
in the present J&K Union Territory of India.



Figure 12

presents the results of SAMI3 ionosphere model (a) time evolution (13:30 – 24:00 UT) of electron density
in the heights of 85-150 km for the Srinagar location (75E; 34N geographic) on 15 August 2017 (b) same
as a except for the heights of 85-500 km and time of 00:00-24:00 UT.



Figure 13

Ilustrates the contour plots (x and y axes for latitude and longitude respectively) of electron density
(SAMI3 model) at the height of 125 km centred over the CCD imager location of Srinagar, at (a) 13:30 UT
(b) 14:00 UT (c) 14:30 UT (d) 15:00 UT (e) 15:30 UT (f) 16:00 UT (g) 16:30 UT and (h) 19:00 UT


