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Abstract

In this paper, multi-ground-based instruments, including an all-sky airglow imager (ASAI), a very high frequency (VHF)

radar, and eight digisondes, were combined to investigate multi-source perturbations in the evolution of an EPB event that

occurred over low latitudes in China. We found this EPB event initially evolved from the bottom-type structures, most likely

seeded by the atmospheric gravity wave (AGW) and the collisional shear-type instability (CSI)-inducing perturbations. Once

formed, those bottom-type structures further evolved into bifurcated/plume-like structures at the ionospheric topside by the

generalized Rayleigh-Taylor instability (RTI). Observed and analyzed are two different perturbation mechanisms of RTIs: one

is the prereversal enhancement of the zonal electric field (PRE) inducing-RTI; another is the equatorward wind-inducing RTI

around midnight. Accompanied by the PRE-inducing RTI are bifurcated/plume-like structures with a larger poleward (upward)

velocity. The PRE could directly elevate the bottom-type structures to the ionospheric topside where the bifurcated/plume-like

structures were generated by the RTI process. The near-midnight RTI was trigged by a vertical upward plasma jet caused by

a seasonal equatorward wind in a region far away 10°N (20°N) from the geomagnetic (geographic) equator. This equatorward

wind-inducing RTI persistently forced topside structures of those developed depletions to form secondary bifurcated/plume-like

structures near midnight. Poleward developments of two cluster-type depletions of the EPB event were modulated by a large-

scale wave-like structure (LSWS) occurring on the bottomside of the ionosphere. An eastward/westward polarization electric

field inside the upwelling/trough region of the LSWS could accelerate/suppress the development of cluster-type depletions.
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Key points: 12 

1. Post-sunset bifurcated/plume-like structures with faster poleward/upward 13 

velocities evolved from bottom-type structures by PRE-inducing RTI 14 

2. An equatorward wind-inducing RTI forced topside structures of developed 15 

depletions to form secondary bifurcated/plume-like ones near midnight 16 

3. Cluster-type depletions were modulated by an LSWS occurring on the bottomside 17 

of the ionosphere 18 

 19 

 20 

Abstract: 21 

In this paper, multi-ground-based instruments, including an all-sky airglow imager 22 

(ASAI), a very high frequency (VHF) radar, and eight digisondes, were combined to 23 

investigate multi-source perturbations in the evolution of an EPB event that occurred 24 

over low latitudes in China. We found this EPB event initially evolved from the 25 

bottom-type structures, most likely seeded by the atmospheric gravity wave (AGW) 26 

and the collisional shear-type instability (CSI)-inducing perturbations. Once formed, 27 

those bottom-type structures further evolved into bifurcated/plume-like structures at 28 

the ionospheric topside by the generalized Rayleigh-Taylor instability (RTI). 29 

Observed and analyzed are two different perturbation mechanisms of RTIs: one is the 30 

prereversal enhancement of the zonal electric field (PRE) inducing-RTI; another is the 31 

equatorward wind-inducing RTI around midnight. Accompanied by the PRE-inducing 32 

RTI are bifurcated/plume-like structures with a larger poleward (upward) velocity. 33 

The PRE could directly elevate the bottom-type structures to the ionospheric topside 34 
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where the bifurcated/plume-like structures were generated by the RTI process. The 35 

near-midnight RTI was trigged by a vertical upward plasma jet caused by a seasonal 36 

equatorward wind in a region far away 10°N (20°N) from the geomagnetic 37 

(geographic) equator. This equatorward wind-inducing RTI persistently forced topside 38 

structures of those developed depletions to form secondary bifurcated/plume-like 39 

structures near midnight. Poleward developments of two cluster-type depletions of the 40 

EPB event were modulated by a large-scale wave-like structure (LSWS) occurring on 41 

the bottomside of the ionosphere. An eastward/westward polarization electric field 42 

inside the upwelling/trough region of the LSWS could accelerate/suppress the 43 

development of cluster-type depletions. 44 

 45 

 46 

Plain Language Summary 47 

Observational evidence is insufficient to understand how equatorial plasma bubbles 48 

(EPBs) form over low latitudes. The perturbation sources of EPBs are various and in 49 

dispute. This paper highlights the significance of multi-source perturbations in the 50 

evolution of a low-latitudinal EPB event in China. We found both the atmospheric 51 

wave (AGW) and the collisional shear-type instability (CSI)-inducing bottom-type 52 

structures likely seed the EPB event; those bottom-type perturbations further evolved 53 

into the bifurcated/plume-like structures by the generalized Rayleigh-Taylor 54 

instability (RTI) at the ionospheric topside. The prereversal enhancement of the zonal 55 

electric field (PRE)-driving RTI process well explain those post-sunset 56 

bifurcated/plume-like structures with faster poleward/upward velocities than those 57 

bifurcated/plume-like structures near-midnight excited by a seasonal equatorward 58 

wind-inducing RTI process. Meanwhile, those EPB depletions were modulated by a 59 

large-scale wave-like structure (LSWS) occurring on the ionospheric bottomside.  60 

 61 

 62 

1. Introduction 63 

There are equatorial plasma bubbles (EPBs), a nighttime phenomenon that frequently 64 

occurs in the low-latitudinal ionosphere. They manifest themselves as the 65 

field-aligned depleted regions of airglow intensity in optical observations (e.g., Kelley 66 

et al., 2002), bite-out structures in satellite observations (e.g., Weber et al., 1982), and 67 

plume-like structures in radar observations (e.g., Tsunoda et al., 1982). Since these 68 

EPBs can cause severe outages in satellite-based communication and navigation 69 

systems, understanding the day-to-day variability of this phenomenon is one of the 70 

important topics of space weather interest. 71 

Observations (e.g., Huang, Burke et al. 2001; Burke et al. 2004) indicate that EPBs 72 

frequently occur at post-sunset when the ionosphere is significantly uplifted by a 73 

prereversal enhancement of the zonal electric field (PRE; Fejer et al., 1991; 1999). 74 

The sunset PRE can trigger the generalized Rayleigh-Taylor instability (RTI), which 75 
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is the dominant driving mechanism of EPBs (Kelley, 1989). However, this mechanism 76 

cannot explain the wave-like depletions with a typical wavelength of 400-1000 km, 77 

the cluster-type depletions with a smaller spacing (~100 km), and the 78 

freshly-generated depletions of EPBs near midnight. Thus, rather than the PRE, other 79 

seeding perturbations on the ionosphere bottomside can also initialize EPBs by the 80 

RTI process. 81 

One of the most invoked seeding perturbations for EPBs is the atmospheric gravity 82 

wave (AGW), which well explains the periodic characteristic of the successive EPB 83 

depletions (e.g., Makela et al., 2010; Takahashi et al., 2009; 2010). Freely propagating 84 

secondary AGWs with wavelengths higher than 150 km in the thermosphere (Vadas, 85 

2007) can seed EPBs. Pieces of observation evidence (e.g., Tsunoda et al., 1982; 86 

Makela & Miller, 2008; Thampi et al., 2009; Narayanan et al., 2012) indicates that a 87 

large-scale wave-like structure (LSWS) can also initialize EPBs from its upwelling 88 

regions. An LSWS can appear well before E region sunset (Tsunoda et al., 2010; 89 

Thampi et al., 2009), playing a more dominant role in the development of EPBs than 90 

the post-sunset rise (PSSR) of the F-layer, and causing the day-to-day variation of 91 

EPBs (Tsunoda, 2005). However, observations (e.g., Makela & Miller, 2008; 92 

Narayanan et al., 2012) indicated that the LSWS is not sufficient to explain those 93 

cluster-type depletions (typical scale ~100 km) inside the upwelling regions of an 94 

LSWS. It is promising that either the gradient drifting-type instability (Kelley, 1989) 95 

or the collisional shear-type instability (Hysell & Kudeki., 2004) occurring on the 96 

ionospheric bottomside explains those cluster-type depletions. However, evidence for 97 

perturbations caused by such ionospheric instability is lacking.  98 

Besides, evidence (e.g., Miller et al., 2009; Abdu et al., 2003; Abdu, 2012; Wu et al., 99 

2020) also indicates that electric field-inducing perturbations can be the seeding of 100 

EPBs. Intrinsic polarization electric fields (PEF) inside nighttime electrical 101 

medium-scale traveling ionospheric disturbances (EMSTIDs) can also initialize EPBs 102 

occurred near midnight (e.g., Miller et al., 2009). However, since EMSTIDs almost 103 

occur in the nighttime of the autumn and winter solstices (Garcia et al., 2000; Candido 104 

et al., 2008; Martinis et al., 2010; Huang, Dou et al., 2016; Shiokawa, et al., 2003; Xu 105 

et al., 2021), the EMSTIDs inducing-PEF cannot explain those EPBs occurring at 106 

equinoxes. Disturbed dynamo electric fields with the same polarity as the sunset PRE 107 

in the coupling of solar wind and magnetosphere can also contribute to the generation 108 

of nighttime EPBs (e.g., Abdu et al., 2003; Abdu, 2012; Wu et al., 2020). However, 109 

this mechanism cannot explain most EPBs frequently occur during geomagnetically 110 

quiet times.  111 

Few studies (e.g., Yokoyama et al., 2011; Ajith et al., 2016; Dao et al., 2016, 2017; 112 

Sun et al., 2021a) found an equatorward neutral wind (ENW) can also initialize EPBs, 113 

especially those near midnight. Those studies suggested that the uplift of the 114 

ionosphere by an ENW could cause a decreasing ion-neutral collision frequency, 115 

resulting in an increasing gravity-driven eastward electric current that can initialize 116 

EPBs above the geomagnetic equator (Nishioka et al., 2012; Huba & Krall, 2013). 117 

However, this mechanism is inconsistent with the early knowledge that an ENW can 118 
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enhance the field-line integrated Pedersen conductivity and then depress the 119 

appearance/development of EPBs (Maruyama, 1988; Krall et al., 2009). Moreover, 120 

the activated EPBs near midnight could be secondary structures evolving from the 121 

topside structures of those drift-type/developed EPBs under the local ionospheric and 122 

thermospheric conditions. It is thus particularly obscure for the role of an ENW in 123 

initializing EPBs. More studies are required to investigate the possible role of an 124 

ENW in developing EPBs near midnight.  125 

In this paper, we investigate multi-source perturbations in the evolution of an EPB 126 

event observed by an all-sky airglow imager (ASAI) deployed in low latitude, China 127 

on a geomagnetically quiet night (Kp < 3; Sum (Kp) = 15-). We found this event 128 

initially evolved from the bottom-type structures. The possible roles the AGW- and 129 

CSI played in the formation of these bottom-type structures were discussed. We also 130 

separately explained how the PRE and equatorward wind-inducing RTIs drove those 131 

bottom-type structures to further develop into bifurcated/plume-like structures that 132 

occurred at post-sunset and near midnight. In section 2, we briefly describe the 133 

instruments and the data. Section 3 presents the results and analyses of the event, 134 

followed by section 5 as summaries and conclusions. 135 

 136 

 137 

2. Instruments and Data 138 

In this study, data from multiple ground-based instruments are used, including one 139 

ASAI deployed at Daxing (Dax; 22.6°N, 107.1°E; dip latitude ~12.6°N); one very 140 

high frequency (VHF) radar at Fuke (Fuk; 19.5°N, 109.1°E; dip latitude ~9.5°N); 141 

eight digisondes at Sanya (SaY; 18.4°N, 109.0°E; dip latitude ~8.5°N), Fuke, 142 

ShaoYang (ShY; 27.2°N, 111.5°E; dip latitude ~17.2°N), JEJU (JJ; 33.4°N, 126.3°E; 143 

dip latitude ~23.4°N), I-CHEON (IC; 37.1°N, 127.5°E; dip latitude ~27.1°N), Beijing 144 

(BJ; 40.3°N, 116.2°E; dip latitude ~30.3°N), Mohe (MH; 52.0°N, 122.5°E; dip 145 

latitude ~42.0°N), and LEARMONTH (LM; 21.8°S, 114.1°E; dip latitude ~31.8°S). 146 

Among these instruments, the Fuk and MH digisondes, and the Fuk VHF radar belong 147 

to the Chinese Meridian Project (Wang C, 2010). Here note that the JJ, IC, ShY, BJ, 148 

LM, and MH stations are at mid-latitudes, and the Fuk and Dax stations are at 149 

low-latitude; the LM is close to the magnetic conjugation point of the BJ station. The 150 

color pentagrams in Figure 1 present the locations of these digisonde instruments; the 151 

red-filled dot represents the location of Dax ASAI, and the black-filled circle 152 

represents the nearly 160° field of view (FOV) of the Dax ASAI; the black-dotted line 153 

represents the magnetic equator (MQ). 154 

 155 
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 156 

Figure 1. (a) Geographic locations of the ground-based instruments. (b)-(c) indicate the 157 

altitude-zonal and latitude-longitude distributions of the seven beams of the VHF radar. (d) 158 

hapex-latitude distributions of magnetic field lines at seven latitudes. 159 

 160 

The Dax ASAI was constructed and installed by the State Key Laboratory of Space 161 

Weather, National Space Science Center (NSSC), Chinese Academy of Sciences 162 

(CAS) on 01 November 2011 (01-Nov-2011). The imager uses a Mamiya 24 mm/f4.0 163 

fisheye lens with a 180° FOV. A filter with a bandwidth of 2.0 nm and a center 164 

wavelength of 630.0 nm is used. Using the method described by Garcia et al. (1997), 165 

we have eliminated distortion imposed by the fisheye lens to acquire Unwarped 166 

images. The perturbation (%) field airglow image I was then obtained by 167 

IIII /)(  , where I and I  are the intensity of an unwarped airglow image and a 168 

1.0-h running mean of successive unwarped airglow images, respectively. Figure 2 169 

presents the temporal evolution of an EPB event observed by the Dax ASAI on the 170 

night of 17 November 2015 (17-Nov-2015).  171 

The Fuk VHF radar operates at a 47 MHz frequency with 54 kW peak power and a 172 

2-MHz bandwidth to observe the 3.2 m scale FAIs by allocating the radar beams in 173 

directions perpendicular to the geomagnetic field lines. The detecting range of the 174 

radar is between 80 and 680 km. The minimum range resolution is 75 m. This radar 175 

uses an array composed of 4×8 Yagi antennas with 4.47 m spacing to form seven 176 
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(1-7) beams with a spacing of 7.5°. Figures 1b-1c give the projected locations of the 177 

seven beams in the planes of geographic- altitude-zonal and latitude-longitude. The 178 

cone angle of each vertical beam is 21°. Details about this radar can refer to the 179 

reference of Chen et al. (2017). Based on the same radar, Jin et al. (2021) statistically 180 

investigated the solar activity, season, and magnetic activity dependence of F-region 181 

3.2-m scale field-aligned irregularities occurrence and vertical plasma drift over Fuk; 182 

Sun et al. (2021b) investigated the interaction of an EMSTID and an EPB that 183 

occurred over the equatorial ionization anomaly (EIA) crest region of China; Jin et al. 184 

(2022) recently investigated the interaction between postmidnight F-region 185 

irregularities and large-scale traveling ionospheric disturbances (LSTIDs) over China 186 

during geomagnetic disturbances. In this study, signal noise ratio (SNR) and the 187 

Doppler drift velocities recorded by this VHF radar are also used to investigate the 188 

vertical evolution of the passing-by EPB depletions. 189 

Except for the ShY digisonde constructed by the Institute of Geology and Geophysics, 190 

Chinese Academy of Sciences (IGGCAS), the other seven digisondes used here are 191 

standard Digisonde Portable Sounder (DPS-4D; Reinisch et al., 2009). These 192 

digisondes routinely operate every 15 min to obtain an ionogram. During some 193 

equatorial spread F (ESF) seasons, the time resolution of an ionogram was adjusted to 194 

7.5 min. By using the SAO software (https://ulcar.uml.edu/downloads.html), 195 

ionospheric parameters, including the virtual (peaked) height and critical frequencies 196 

of the F2 layer [h'f (hfp) and foF2], were manually scaled from a mass of ionograms 197 

for the Fuk station. Scaled data of the h'f (hfp) and foF2 from the SaY, JJ, IC, BJ, MH, 198 

and LM stations were downloaded from the Lowell GIRO Data Center (LGDC; 199 

https://giro.uml.edu/index.html). Some bad points of data were corrected by checking 200 

the corresponding ionograms. Scaled data of h'f (hfp) and foF2 from the ShY station 201 

was provided by the IGGCAS (http://wdc.geophys.cn/). The time resolution is 1 hr. 202 

The height resolution of the h'f (hfp) for all stations is about 5 km. These ionospheric 203 

parameters [h'f (hfp) and foF2] were used to investigate the influences of the 204 

thermospheric meridional wind on the evolution of the EPB event. The simulated 205 

thermospheric wind from the horizontal wind mode (HWM-14; Drob et al., 2015) was 206 

also combined to explain the variations of the ionospheric parameters. 207 

Besides the ground-based data above, the global vertical total electron content (VTEC) 208 

map data provided by the Navigation Headquarter of the Chinese Academy of 209 

Sciences (CAS-TEC map data) were also used to investigate the evolution of the EPB 210 

event. The time resolution for each map is 15 min. The height of the TEC is assumed 211 

at 450 km. Based on the database, Sun et al. (2020) investigated a WSA-like plasma 212 

patch, which affected the propagation/evolution of an EMSTID event over 213 

midlatitude, China; Sun et al. (2021b) further investigated the possible influence of 214 

EIAs on the propagation/evolution of an airglow event occurred over Dax, China. 215 

 216 

217 
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3. Results and Analyses 218 

3.1. Evolution of the EPB Event 219 

Presented in Figure 2 are the processed airglow images on the EPB night. Figure 2a 220 

shows time sequences (in near 25 min intervals) of some unwarped images during 221 

13:13:05-17:44:46 UT [university time; UT = LT (local time) + 7.14 in Dax]. Figure 222 

2b gives the corresponding percentage perturbation (%) images. By assuming that the 223 

emission height of the airglow layer was 250 km, we have projected those 224 

unwarped/perturbation airglow images onto the uniformly geographic 225 

longitude-latitude region. The locations of the Fuk, Dax, and ShY stations were 226 

marked by black-filled triangles, red-filled circles, and blue-filled pentagrams 227 

respectively.  228 

Here we first consider the temporal evolution of the EPB event. We suggest the reader 229 

skip Figure 2a and see Figure 2b since the sharper structures in Figure 2b make the 230 

reader well understandable the following description.  231 

At 11:59:57 UT (the first image), the airglow depletion structure (d1) aligned with the 232 

geographic North-South (N-S) direction appeared in the southern FOV of the image. 233 

Its tip was passing through the head of the Fuk station (see the filled black triangle). 234 

Later, it proceeded to move poleward as it continuously drifted eastward, and 235 

gradually tilted westward. At 13:13:05 UT, it developed into a bifurcated structure 236 

when reaching a maximum poleward geographic latitude of about 27.0°N. The mean 237 

poleward velocity of d1 was about 295 m/s (1062 km/hr). Later, the d1 became blurry, 238 

and its phase elongation again became aligned with the geographic N-S direction. 239 

After 15:39:32 UT, the d1 disappeared in the FOV of the images.  240 

On the left of d1 is cluster-type depletions marked with the CDS1. Its scale is about 241 

150 km. At 13:37:28 UT, the CDS1 appeared almost due south of the image. Like the 242 

d1, the CDS1 also continuously grew poleward as they drifted eastward. From 243 

13:37:28 UT to 14:01:50 UT, the tip of the CDS1 hiked poleward about 1.2° (~140 244 

km). The third depletion inside CDS1 (CDS1-3) extended to a maximum geographic 245 

latitude of about 21.5°N. The mean poleward velocity of CDS1 reached about 97 m/s 246 

(350 km/hr). Interestingly, the CDS1 did not continue to grow poleward. Later 247 

14:01:50 UT, it moved equatorward with a mean velocity of about 40 m/s (144 km/hr). 248 

After 16:52:49 UT, the CDS1 also fades out of the FOV of the images. Narayanan et 249 

al. (2016) first described this regressive characteristic of EPBs in latitudes as a 250 

shrinking phase of EPBs.  251 

On the left of CDS1 is another cluster of depletions marked with CDS2. They had a 252 

slower growth that CDS1 when drifting eastward. From 14:01:50 UT to 15:15:03 UT, 253 

the third depletion inside CDS2 (CDS2-3) hiked poleward from about 24.7°N to a 254 

maximum geographic latitude of 27.5°N, with a mean poleward velocity of 73 m/s 255 

(262 km/hr). During the poleward growth of CDS2-3, a bifurcated structure evolved 256 

from the left wall of CDS2-3. After 15:15:03 UT, the CDS2-3 remained at its 257 

maximum poleward latitude (27.5°N) until it finally drifted out of the FOV of the 258 

image.      259 
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 260 

Figure 2. (a) Unwarped airglow images (in near 25 min intervals) on 17-Nov-2015. (b) the 261 

corresponding airglow perturbation images.  262 
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There are three depletions marked with d2-d4 subsequently appearing in the western 263 

regions of CDS2. Their wavefronts present the form of a plane wave. Although not so 264 

drastic in evolution as depletions d1 and CDS1-CDS2 described above, these 265 

depletions were still evolving and became bifurcation structures later. 266 

There are other ionospheric phenomena appearing in Figure 2a. Firstly, a horizontal 267 

band-like region that has an extensional latitudinal width of near 5° and a broad 268 

longitudinal region appeared in the airglow images. As time proceeded, this region 269 

moved equatorward. Based on previous studies (e.g., Narayanan et al., 2013, 2014), 270 

this region is the EIA crest, which usually propagates equatorward at nighttime 271 

because of the so-called “antifountain effect.” Secondly, two other patchy regions 272 

(marked with “PR1-PR2”) with brighter airglow intensity appeared within the EIA 273 

region. Previous studies by Sun et al. (2017, 2021a) found this kind of brightness 274 

region is the true plasma phenomenon that has an enhanced plasma density than the 275 

surrounding ionosphere. These brightness structures were early called “blobs” by 276 

Pimenta et al. (2004, 2007). 277 

Further presented in Figures 3-4 are the VHF radar observations to investigate the 278 

vertical evolution of those EPB depletions above. Figures 3a-3b show the UT 279 

variations of 3.2-m scale irregularities separately represented by the SNR and the 280 

Doppler shift velocities as the altitude. Figure 4 further gives the altitude-zonal 281 

distributions of the corresponding radar echoes. Radar echo structures resulting from 282 

the d1, CDS2-3, and d2 airglow structures were identified. Following are descriptions 283 

of the vertical evolution of these echo structures. 284 

 285 

Figure 3. (a) SNR observed by beams 1-7 of the VHF radar on 17-Nov-2015. (b) the 286 

corresponding doppler shift. The radar echo structures of depletions d1-d2, and CDS2-3 were 287 

identified. The “BLS” presents the bottom-type layer structure.  288 
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From Figure 3a, beams 1-3 almost simultaneously detected the d1 echo structure at 289 

near 12:10 UT. The accompanied Doppler shift (positive upward) in Figures 3b1-3b3 290 

exceeded 100 m/s. This upward movement of d1 can be also seen from the 291 

altitude-zonal distributions of the d1 echoes in Figure 4. Between 12:25 and 12:41 UT, 292 

the d1 extended upward from lower than 300 km to over 420 km. The vertical 293 

velocity was about 125 m/s (450 km/h). This estimated vertical velocity is near the 294 

maximum Doppler velocities along the radar beams. 295 

 296 

 297 

Figure 4. Altitude-zonal distribution of the radar echoes on 17-Nov-2015. 298 

 299 

For the CDS2-3, its echo structure drifted eastward, consistent with the airglow 300 

observations. The westernmost beam 7 first detected the radar echoes near 15 UT, 301 

while beams 1-3 detected the radar echoes after midnight. Here note that the western 302 

beams 5-7 usually detected downward Doppler drift velocities, while the more eastern 303 

beams 1-4 detected upward ones. Returning to the airglow image at 16:03:58 UT in 304 

Figure 2b, one can see that a neck region of the bifurcated CDS2-3 was passing over 305 

the radar station (black-filled triangles; Fuk station). Because beams 1-3 (5-7) were 306 

directed to the left (right) branch of CDS2-3, one can infer that those radar echoes 307 

with upward (downward) Doppler drift velocities along the beams 1-3 (5-7) were 308 
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caused by the right (left) bifurcation of the CDS2-3. This result explains why only the 309 

right branch of CDS2-3 grew poleward, while the left one was almost no growth. 310 

Meanwhile, it means that the radar echoes detected by the beams 5-7 were caused by 311 

the secondary structures evolved from the topside structure of the developed 312 

depletions under the local ionospheric and thermospheric conditions. Of particular 313 

interest is that this bifurcated structure was also seen in the restructuring radar echo 314 

distribution in the altitude-zonal directions as presented in Figure 4. At 15:53 UT, the 315 

root of the neck of the bifurcation is at about 230 km. At 16:09 UT, the neck of the 316 

bifurcation was also elevated about 10 km; the mean upward vertical velocity of the 317 

neck is 10.4 m/s. During the same period, tips of the left/right branch of the CDS2-3 318 

developed upward from 315/350 to 330/400 km, with a mean upward vertical velocity 319 

of 15.6/52 m/s. The estimated upward vertical velocity of CDS2-3 is thus less than 320 

one-half of the vertical velocity (about 125 m/s) of d1, just like the airglow 321 

observations did. 322 

The VHF radar first detected the depletion d2 after 17 UT. Returning to Figure 2b, 323 

one can see that the d2 was passing by the head of the radar station at 17:17:16 UT. 324 

The d2 caused weaker Doppler echoes than the d1 and CDS2-3. The accompanied 325 

Doppler velocities in Figure 3b are downward. From the last three panels in Figure 4, 326 

one can see that after 17:21 UT the d2 echo was moving downward once it drifted 327 

into the FOV. The downward drift velocity is estimated at 35 m/s. This explains why 328 

after 17 UT the d2 airglow structure in Figure 2 stopped growing. Depletions 329 

appearing after 17 UT were classified into those so-called “fossilized bubbles” 330 

previously described by Chapagain (2015) and Sekar et al. (2007). 331 

Worthy of that bottom-type layer structures (BLSs) were observed in Figure 3. From 332 

Figures 3a2-3a3, there are indications that these BLSs were connected with the roots 333 

of the plume-like echo structures d1 and CDS2. The accompanied Doppler drift 334 

velocities in Figures 3b2-3b3 were near 0 m/s.  335 

 336 

 337 

3.2. Explanations of the EPB Evolution 338 

Airglow and VHF radar observations described above present three kinds of 339 

depletions that occurred at sunset, near midnight, and post-midnight. Those depletions 340 

that occurred at sunset had a faster poleward/vertical velocity than those near- and 341 

post-midnight. To explain these differences, here we investigate the background 342 

ionospheric conditions during the evolution of all EPB depletions. Figures 5a2-5a3 343 

give the temporary variations of the ionospheric height (h'f, hfp, and hEs), and foF2 344 

(foEs) from the Fuk digisonde on the EPB night. A time sequence of N-S 345 

cross-sections (keogram) of the successive airglow images in the Fuk longitude 346 

(109.1°E) was also shown in Figure 5a1. For a good comparison, the observed results 347 

on the night of 16/18-Nov-2015 were also presented in Figures 5b1-5b3 and 5c1-5c3. 348 

 349 
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 350 

Figure 5. Ionospheric parameters observed by the Fuk digiosnde. (a) Results on 17-Nov-2015. (b) 351 

Results on 16-Nov-2015. (c) Results on 18-Nov-2015. 352 

 353 

From Figure 5a2, between 11 and 13 UT, the ionospheric h'f (red line) had a slow 354 

increment of about 30 km during the poleward growth of d1. An elevation of about 50 355 

km in the ionospheric hfp (green line) occurred almost simultaneously. A similar 356 

uplift also occurred slightly later on 16/18-Nov-2015. Such an uplift of the ionosphere 357 

at post-sunset is thus a true phenomenon. According to the previous studies by Fejer 358 

et al. (1991, 1999), this post-sunset ionospheric uplift resulted from the so-called PRE. 359 

Presented in Figure 6 is evidence more direct indicating the occurrence of such a PRE 360 

on this EPB night. Figure 6 shows the UT variations of the EIA crests as the 361 

geographic latitude along the Fuk longitude. One can see that between 12 and 13:50 362 

UT the EIA crests moved poleward with a velocity of about 50 m/s. After 13:50 UT, 363 

the EIA reversed to equatorward with a velocity of about 75 m/s. The EIA's poleward/ 364 

equatorward movement was attributed to the inferred-PRE/antifountain-effect above. 365 

Interestingly, during the passage of the CDS2-3 (near 16 UT) no elevation occurred 366 

on the ionospheric bottomside. However, the passage of the CDS2-3 caused a small 367 

uplift in hfp (about 25 km) between 16 and 17 UT. Depletions d2-d4 did not cause 368 

any perturbations in both h'f and hfp. Between 14 and 20 UT, the bottomside 369 

ionosphere around Fuk remained almost horizontal, and the topside ionosphere varied 370 

a few. This explains why the observed EPB depletions survived through the night. 371 

 372 
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 373 

Figure 6. Geographic latitude-UT variations of the EIA crests reconstructed from the CAS-TEC 374 

map data on the night of 17-Nov-2015. 375 

 376 

Variations of foF2 are obvious during the EPB evolution. Passages of the d1 and 377 

CDS2-2 caused a decrement in foF2 at near 12 and 16 UT. Moreover, there is a long 378 

time (near 8 hrs) increment in foF2 when compared with the 10-day mean result 379 

(black-solid line) and those that occurred on 16/18-Nov-2015 (red-solid line). This 380 

result indicates that EPB depletions described above evolved in an ionospheric region 381 

filled with enhanced plasma. 382 

Fejer et al. (1999) early found that the climatological occurrence of EPBs is well 383 

correlated with the post-sunset rise (PSSR) of the ionospheric F region caused by a 384 

PRE. At the sunset, the disappearance of the E region would result in an upward 385 

current that is not completely offset by the downward one driven by the F region 386 

dynamo. To close the current loops between E and F regions, a downward 387 

polarization electric field would be generated and pushed the EPBs drifting eastward 388 

with the almost same velocity as the background eastward wind (Haerendel et al., 389 

1992). Because of the curl-free of downward electric field (Eccles, 1998; Eccles et al., 390 

2015), an eastward-enhanced polarization electric field (PEF) would be generated on 391 

the daytime side of the solar terminator. This eastward-enhanced PEF is the PRE that 392 

is the most basic source for inducing the post-sunset EPBs, especially at equinoxes 393 

(Tsunoda, 1985). 394 

What is the possible role the PRE played in the current case? As analyzed above, the 395 

uplift of the bottomside (peaked) ionosphere due to the PRE was about 30 (50) km 396 

within 2 hrs. If ignoring the photochemistry, the vertical upward mean velocity of the 397 

background ionosphere was about 5.5 m/s (19.8 km/hr). According to the IGRF-13 398 

model (https://ccmc.gsfc.nasa.gov/modelweb/models/igrf_vitmo.php), the northward 399 

and downward components of the geomagnetic field (B) at 300 km above the Fuk 400 

station are ~0.034 and ~0.017 mT, respectively. If the estimated vertical upward 401 

velocity above was caused by the PRE, the background plasma would drift poleward 402 

at a velocity of about 11 m/s [5.5×(0.036/0.017) m/s]. This estimated poleward 403 

velocity for plasma is nearly a fifth of the inferred poleward velocity (~ 50 m/s) of the 404 

EIA before. This difference could be attributed to the height difference in digisonde 405 
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and GPS-TEC observations. The digisonde data estimated a PRE at the height 406 

between 250 and 300 km (from the bottomside to the peaked height of the ionosphere), 407 

while the GPS-TEC data estimated a PRE at the height of 450 km (topside 408 

ionosphere). A possible explanation is that the ionosphere below the peaked height 409 

located nearby/within the westward shear flow region of the bottomside ionosphere 410 

associated with the PRE (Kudeki & Bhattacharyya, 1998). The topside ionosphere is 411 

more sensitive than the bottomside ionosphere for the PRE on this EPB night. This is 412 

very reasonable because the plume-like echo structures of d1 and CDS2-3 were 413 

indeed connected with a bottom-type layer structure (BLS) on this event. Can such a 414 

low velocity cause the observed EPBs? From Figure 7 by Jin et al. (2022), there is 415 

about 5%-10% occurrence of ESF when the vertical drift velocity of the bottomside 416 

ionosphere reached 5-10 m/s. Besides, no EPBs occurred on 16/18-Nov-2015 when a 417 

comparable ionospheric uplift/PRE was observed. The main reason is that the PRE is 418 

not the only factor generating the bifurcated/plume-like structure of EPBs. Rather 419 

than the PRE, other seeding perturbations on the bottomside of the ionosphere also 420 

participate in the initiation of EPBs. When the bottomside structures were generated 421 

by the seeding perturbations, they would be further amplified by the PRE at the 422 

topside of the ionosphere. 423 

Simulations conducted by Vadas (2007) verified that AGWs with a horizontal 424 

scale/wavelength higher than 150 km freely propagate in the thermosphere in the form 425 

of secondary waves. Makela et al. (2010) found that the distribution of spacings of 426 

EPBs at La Serena, Chile (geographic: 30.17°S, 289.19°E; geomagnetic: 16.72°S, 427 

0.42°E) compares favorably to the spectrum of AGW-induced traveling ionospheric 428 

disturbances (TIDs) measured by Vadas & Crowley (2010) from a similar geographic 429 

latitude in the northern hemisphere. They found that the periodic spacing of EPBs 430 

could have a close relation to the properties of an underlying seed mechanism, namely 431 

the AGWs. Wu et al. (2017) reported an interesting EPB event in which the spacing of 432 

the successive two EPB depletions was equal to the wavelength of a circulated AGW 433 

caused by a typhoon. Based on the same ASAI, Sun et al. (2016) statistically found 434 

that most EPBs observed in the Chinese sectors occurred in groups of two to six 435 

depletions with an average spacing of ~200–300 km. All these results suggest the 436 

possible relationship between the spacings of EPBs and the AGWs. Returning to 437 

Figure 2, one can see that the d1, the primary structures of CDS1-CDS2, and the 438 

d2-d4 are successively ordered with a spacing of about 400 km along the longitude 439 

direction. AGWs with a wavelength of 400 km likely seeded the successive EPB 440 

depletions in the current event. The AGW seeding perturbations would result in 441 

bottom-type structures whose horizontal wavelength has the same spacing as the 442 

successive EPB depletions.  443 

Vadas (2007) also pointed out that AGWs with a horizontal scale of less than 150 km 444 

would break and dissipate at the thermospheric height. Those cluster-like depletions 445 

inside CDS1/CDS2 on a smaller scale (~150 km) should evolve from other seeding 446 

perturbations. Hysell & Kudeki (2004) previously found that a collisional shear 447 

branch of the Kelvin Helmholtz instability (KHI) on the bottomside ionosphere can 448 

precondition the F region for initializing the bottom-type perturbations with an initial 449 
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wavelength of about 30 km and an asymptotic one of over 200 km. Simulation 450 

conducted by Aveiro & Hysell1 (2010) further verified that irregularity structures 451 

generated by the CSI were confined in the ionosphere bottomside when the gravity- 452 

and electric-field-driving RTIs were ignored. The bottom-type layer structures (BLSs) 453 

observed in the current event appeared at about 270 km, which corresponds to an apex 454 

height of ~456 km above the geomagnetic equator. Those cluster-type depletions with 455 

smaller-scale (~150 km) inside CDS2 in Figure 2 were confined very nearby 20° 456 

geographic latitude, which also corresponds to an apex height of ~456 km. Those 457 

cluster-type depletions in Figure 2 thus initially appeared at the same height as the 458 

bottom-type layer structure. The CSI mechanism is thus a very likely candidate to 459 

initiate the seeding perturbations of those smaller-scale depletions inside the 460 

CDS1-CDS2. 461 

How did the seeding perturbations discussed above develop into the 462 

bifurcated/plume-like structures of EPB depletions? Beneath the d1 and CDS2-3 463 

echoes in Figures 3a2-3a3 are regions connecting with a bottom-type layer structure 464 

observed by the VHF radar. The morphology of the d1 and CDS2-3 radar echo 465 

structures is very similar to those of plume-like structures that evolved from 466 

bottom-type layer structures in Figure 1 by Takahashi et al. (2010). Also, Hysell & 467 

Burcham, (1998) and Hysell (2000) found that different types of irregularities 468 

observed at Jicamarca usually occur sequentially, preceded by the occurrence of a 469 

bottom‐type irregularity layer. The bottom‐type irregularity layer was generally 470 

thought to be a precursor of a fully developed equatorial plasma plume (Hysell & 471 

Burcham, 2002; Li et al., 2017). Therefore, here we suggest that those AGW- and 472 

CSI- seeding perturbations described above could cause the bottom-type structures in 473 

the form of the wave-like and cluster-type depletions, which further evolved into the 474 

bifurcated/plume-like structures at the ionospheric topside. 475 

So far, we have considered those EPB depletions in Figure 2 evolved from the 476 

bottom-type structures. However, one question remains: why did d1 depletion that 477 

first entered the FOV of the airglow images had a faster poleward/upward velocity 478 

than d2-d4/CDS2-3? Because the rapid poleward growth of the d1 occurred in a 479 

post-sunset elevated ionospheric region, bottomside structures of the d1 depletion 480 

could have been directly uplifted by the PRE and rapidly developed into 481 

bifurcated/plume-like structures at the ionospheric topside by the PRE-driving RTI 482 

process. However, this PRE-driving RTI mechanism is not sufficient to explain the 483 

d2-d4/CDS2-3 around midnight. Returning to Figure 2, one can see that when the 484 

d2-d4/CDS2-3 were/was evolving when the d1 had stopped growth. Meanwhile, from 485 

Figures 5a-5b and Figure 6, one can see that poleward growth of the d2-d4/CDS2-3 486 

initialized when the antifountain effect began (~14 UT). This means that the PRE had 487 

almost uncoupled with the background ionosphere later 14 UT when the 488 

d2-d4/CDS2-3 appeared in the FOV of airglow images; the d2-d4/CDS2-3 were/was 489 

developing when the PRE had reversed to a westward electric field (WEF). Since a 490 

WEF would confine EPBs to the ionospheric bottomside and depress the EPB 491 

development (Seker et al. 2007), it is thus impossible for an electric field-driving RTI 492 

process to initialize the d2-d4/CDS2-3 later 14 UT. If no other physical processes, the 493 
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d2-d4/CDS2-3 later 14 UT should also stop growth as d1 did. An additional 494 

perturbation source is required to initialize the poleward growth of d2-d4/CDS2-3 495 

again. This driving source is not as effective as the PRE-driving source.  496 

Where did such a perturbation come from? Firstly, it is impossible for such a 497 

perturbation generated at a latitude lower than the Fuk station. If yes, when it 498 

propagated above the Fuk, the bottomside ionosphere around Fuk must be first 499 

elevated. However, the bottomside h'f around Fuk remained near 225 km between 14 500 

and 16 UT while the CDS2 was persistently growing poleward. Therefore, it must be 501 

a perturbation that came from the latitudes higher than the Fuk station and persistently 502 

disturb the ionospheric topside. Here we can think of two possible perturbation 503 

sources: one is the polarization electric field generated by other ionospheric 504 

phenomena (e.g., Es) whose footprint connects with the topside region of Fuk station 505 

by the magnetic field line at the more northern latitude of Fuk; another is a nighttime 506 

neutral wind which blows equatorward from a higher latitude than the Fuk. We 507 

checked and excluded the strong Es activities (foEs> 5 MHz) that occurred in the 508 

ionograms from the more northern digisondes (e.g., ShY, IC, JJ, and BJ), since only 509 

very weak Es (foEs< 3 MHz) activities occasionally appeared on this night. However, 510 

an equatorward wind prevails at night, and can persistently elevate the ionosphere for 511 

a long time. It is possible that an equatorward wind as a sustaining source of 512 

instability to excite the generalized RTI at the topside ionosphere exceeding over 513 

several hours. Unfortunately, we have no usable neutral wind data on the EPB night. 514 

However, alternatively, we can use the height variations of the ionosphere at 515 

mid-latitudes to reflect the influence of neutral wind from the higher latitudes. This is 516 

very reasonable because the F-region dynamo generated at midlatitude is too much 517 

higher than those generated by the E-region dynamo (Richmond et al. 1980). 518 

Following is the simple deduction of such a wind. 519 

To verify this possibility, Figures 7a1-7a6 and 7a8 present the ionospheric variations 520 

of h'f obtained from a digisonde chain that spanned from the SaY to the MH stations. 521 

The result indicates a significant uplift of the ionospheric h'f occurred during 12-16 522 

UT at IC, JJ, BJ, and MH stations. The uplifts that occurred at mid-latitudes can be 523 

directly attributed to a nighttime equatorward wind. Two uplifts occurred at ShY 524 

station. The first uplift that occurred between 12 and 13 UT resulted from the same 525 

PRE observed by the Fuk/SaY digisonde. The uplift that occurred between 14 and 18 526 

UT was attributed to the same equatorward wind observed at IC, JJ, BJ, and MH 527 

stations. However, at the same time, the equatorward wind did not cause any 528 

ionospheric perturbations at Fuk and SaY stations. Such an equatorward wind 529 

appeared in the mean wind (black-solid line) at postmidnight but disappeared on the 530 

EPB night. As will be analyzed later, the disappearance of such an equatorward wind 531 

at postmidnight at Fuk/SaY station was most likely offset by a poleward wind 532 

associated with a passing-by nighttime temperature maximum (TM; Colerico & 533 

Mendillo, 2002) from the lower latitudes. Sun et al. (2021a) previously verified such a 534 

poleward wind by analyzing relative variations between the ionospheric heights 535 

observed by a chain of digisondes and the meridional winds measured by a 536 

Fabry-Perot interferometer in the Chinese sectors. Note that a significant uplift 537 
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between 13 and 17 UT also occurred at LM station, which is located nearby the 538 

magnetic conjugation point of the BJ station. However, the uplift at BJ is higher than 539 

at LM. This suggests that the equatorward wind in the northern hemisphere was 540 

higher than in the opposite hemisphere during this time. 541 

 542 

 543 

Figure 7. Ionospheric parameters at mult-stations on 17-Nov-2015. (a1-a8) present the 544 

ionospheric h'f on 17-Nov-2015 (red-solid line) and the 10-day mean result (black-solid line) at 545 

eight digisonde stations. (b1-b8) give the corresponding foF2. (c1-c8) give the HWM-14 546 

simulated meridional wind (250 km) and the corresponding vertical drift of plasma (dotted line; 547 

positive upward) caused by the HWM-14 simulated wind at the geographic locations of the eight 548 

digisondes.  549 

 550 
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 551 

Figure 8. The HWM-14 simulated neutral wind at 250 km. The first column gives the meridional 552 

winds at 10, 12, 14, and 16 UT. The second column gives the corresponding zonal winds. The 553 

third column gives the calculated vertical plasma drift from the simulated meridional and zonal 554 

winds. The filled black triangle represents the location of Fuk. 555 

 556 

Besides, we found that the HWM-14 model successfully captured such an 557 

equatorward wind on the EPB night. The main reason is that the HWM-14 model 558 

predicts a morphological neutral wind based on the statistical average of multi-data 559 

from the satellite and ground-based observations (Drob et al. 2015). It, therefore, can 560 

well reflect the daily and seasonal variations of the background neutral winds. Figures 561 

7c1-7c8 give the simulated meridional winds at the geographic locations of those 562 

digisondes indicated in Figures 7a1-7a8. Figure 8 further presents the 563 

latitude-longitude distributions of the HWM-14 simulated meridional/zonal winds at 564 

250 km. From Figure 7c (the black-solid line), an equatorward-enhanced neutral wind 565 

(positive equatorward/southward) first occurred near 12:30-13:30 UT for the BJ, JJ, 566 

IC, and ShY stations, and near 14:30 UT for the Fuk, SaY, and MH stations. It is 567 

visualized when the reader sees those meridional winds presented in the left column 568 

of Figure 8. At 14 UT a blue region presents the equatorward-enhanced wind already 569 
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propagated southward nearby the Fuk station (presented by the filled red pentagram). 570 

Amplitudes of the equatorward-enhanced wind gradually decreased as it propagated 571 

to lower latitudes. A possible reason is that the equatorward enhanced wind would 572 

become damped when propagating to the EIA region where the significant increase of 573 

the ion drag effect (Shiokawa et al. 2002) would slow down the passing-by neutral 574 

wind. Those dotted lines presented in Figures 7c1-7c8 further give the corresponding 575 

vertical drifts of plasma (positive upward) calculated by the HWM-14 simulated 576 

neutral wind. In the calculation, we included both the meridional and zonal winds and 577 

considered two factors of inclination and declination of the geomagnetic field lines at 578 

the height of 250 km. The same processes were conducted in calculating the 579 

latitude-longitude distributions of the vertical plasma drift as presented in the third 580 

column of Figure 8. The result indicates that a plasma jet with a vertical upward 581 

velocity of 10-30 m/s was passing nearby the Fuk station after 14 UT. Such an upward 582 

jet of plasma would result in the uplift of the bottomside ionosphere observed by 583 

those digisondes at mid-latitudes. However, as presented in Figures 7c1-7c2 (black 584 

dotted lines), the vertical drifts caused by the equatorward-enhanced neutral winds at 585 

Fuk and SaY stations are near 0 m/s. This well explains why the observed bottomside 586 

ionosphere remained almost horizontal between 14 and 16 UT at Fuk and SaY 587 

stations. 588 

Based on the observations and the model results above, we found a vertical upward 589 

perturbation source of the plasma jet occurring in the northern region of the Fuk 590 

station. Such a perturbation source elevated the ionosphere and then resulted in those 591 

plume-like structures of d2-d4/CDS2-3 around midnight.  592 

How did an equatorward wind trigger the plume-like structures of d2-d4/CDS2-3? 593 

Previous studies (e.g., Nishioka et al., 2012; Huba & Krall, 2013) suggested that the 594 

uplift of the ionosphere by an equatorward-enhanced wind could cause a decreasing 595 

ion-neutral collision frequency, resulting in an increasing gravity-driven eastward 596 

electric current that can initialize EPBs above the geomagnetic equator. This 597 

mechanism explains that those bifurcated/plume-like structures near midnight were 598 

generated from the bottomside of the ionosphere by the gravity-driven RTI process 599 

occurring above the magnetic equator. However, as analyzed in section 3.1, those 600 

plume-like structures of d2-d4/CDS2-3 only evolved from the topside structures of 601 

the developed depletions that extended over poleward 24°N later 14 UT. No elevation 602 

in h'f occurred around the Fuk when the d2-d4/CDS2-3 were/was growing poleward 603 

of the Fuk latitude. Those plume-like structures of d2-d4/CDS2-3 did not need to 604 

develop from the geomagnetic equator as the d1 did. Those plume-like structures of 605 

d2-d4/CDS2-3 found here were only the secondary structures that evolved from tips 606 

of the developed depletions at a latitude away from 10° (20°) the geomagnetic 607 

(geographic) equator by the equatorward wind-inducing generalized RTI process. 608 

Since the equatorward wind at low-mid latitudes usually reaches a maximum near 609 

midnight in our observations, it is expected that the maximum occurrence of the 610 

bifurcated/plume-like structures also appears near midnight. The equatorward 611 

wind-inducing RTI process described here should be the universal mechanism for 612 

triggering those activated EPB depletions/irregularities that occurred around midnight. 613 
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Since those secondary structures occurring around midnight did not directly evolve 614 

from the ionospheric bottomside, the equatorward wind-inducing RTI near midnight 615 

is not as effective as the PRE-driving RTI at sunset. This can reasonably explain why 616 

the d2-d4/CDS2-3 occurring near-midnight/at-postmidnight had slower growth than 617 

the d1 that occurred at post-sunset. 618 

 619 

 620 

Figure 9. Airglow intensity counts scanned along the 17.84°N and 28.65°N geographic latitudes. 621 

 622 
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Besides, we found a large-scale wave structure (LSWS) could also participate in the 623 

evolution of the EPB event. Returning to Figure 2, one can find that at 14:26:13 UT 624 

CDS1 began to shrink equatorward when the CDS2 were evolving poleward. Why did 625 

CDS1 not follow the poleward growth of CDS2 after 14:26:16 UT? The main reason 626 

is that CDS1 and CDS2 were modulated by the anti-phase regions of an LSWS 627 

occurring on the ionospheric bottomside. To illustrate this, Figures 9c1-9c6 present 628 

variations of the relative airglow intensity counts along two selected latitudes (17.84° 629 

and 28.65°N) in the airglow images indicated by the blue and magenta dotted lines in 630 

Figures 9a1-9a6. Presented in Figures 9c1-9c6 is a large-scale depleted region of 631 

airglow intensity with a width of near 600 km in the two curves of airglow intensity 632 

counts. This large-scale depletion of airglow intensity was caused by the upwelling 633 

region of an LSWS hiding in the airglow images. To visualize this upwelling region, 634 

Figures 9b1-9b6 present the contour lines of the airglow images. An upwelling region 635 

beneath plume-like structures of CDS1-2 located nearby the 105°-110°E longitude 636 

can be visualized at 13:37:28 UT. But later, the right CDS1 was gradually modulated 637 

into a trough/decreasing region of the LSWS. At 15:15:03 UT, the CDS1 was almost 638 

filled by the high plasma region that corresponds to the decreasing region of the 639 

LSWS. This could well explain why when CDS2 was evolving poleward CDS1 was 640 

shrinking equatorward. 641 

What caused the LSWS found here? Simulation previously performed by Yokoyama 642 

et al. (2019) found that a vertical wind of 5 m/s caused by gravity can form an 643 

upwelling region, which penetrates the topside F region to be accelerated by the RTI 644 

process. It is enough for a vertical velocity perturbation of 5.5 m/s caused by the PRE 645 

reported here to cause an upwelling region from the bottomside ionosphere. However, 646 

from Figures 9c1-96, an LSWS also occurred at a latitude far away from the poleward 647 

tips of the depletions. Moreover, this LSWS occurred through the nighttime. These 648 

results could suggest that the LSWS is the coherent character of the background 649 

ionosphere. We suggest that the LSWS found here resulted from other physical 650 

processes rather than the PRE occurring at sunset; the LSWS could only participate in 651 

modulating the poleward development of the EPB depletions. An eastward/westward 652 

polarization electric field inside the upwelling/trough region of the LSWS could 653 

accelerate/suppress the development of the CDS2/CDS1. 654 

A longtime plasma density enhancement occurred during 12-20 UT when the EPB 655 

depletions were evolving. It is a routine phenomenon that frequently occurs at low- 656 

and mid-latitudes. The morphology of the plasma density enhancement presented here 657 

is very similar to the one in Figure 7 by Sun et al. (2021b) observed by the same 658 

digisonde. This plasma density enhancement is a necessary condition for triggering 659 

the generalized RTI. What mechanisms resulted in such a plasma density 660 

enhancement? Sun et al. (2021b) previously explained this kind of plasma density 661 

enhancement as a combined result of a westward electric field (WEF) and a 662 

poleward-enhanced wind associated with a temperature maximum (TM) that occurred 663 

over the geomagnetic equator. Whether or not such a mechanism applies here. As 664 

analyzed in section 3, the EIA persistently moved equatorward between 14 and 18 UT 665 

because of the antifountain effect caused by a WEF. The WEF can compress the 666 
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plasma at higher altitudes to the ionospheric bottomside, causing a part of plasma 667 

density enhancement presented in Figure 5a3 or Figures 7b1-7b2. What is the possible 668 

role a TM played in the current event? Returning to Figure 5b or Figure 7a1, one can 669 

see that disappearance of uplift in h'f (red-solid line) occurred between 16 and 20 UT 670 

on the EPB night when compared with that of the 10-day mean result (black-solid 671 

line). It is reasonable for attributing the disappearance of such an uplift to a 672 

passing-by poleward wind associated with a TM from the geomagnetic equator. From 673 

Figure 5a1, a poleward reversal of the EIA began to occur at about 18 UT. A sudden 674 

decrement of about 25 km in h'f almost simultaneously occurred at 18 UT. However, 675 

accompanied by such a decrement of h'f is only a small hump in foF2. This suggests 676 

to us that the plasma density enhancement caused by the passage of a TM was not so 677 

prominent in the current case. The observed plasma density enhancement was mainly 678 

caused by the equatorward/downward compression of plasma in the bottomside 679 

ionosphere by a WEF. Why the plasma density enhancement persisted over 8 hrs? We 680 

suggest that the bottomside ionosphere provided a relatively stable condition 681 

occurring to prevent the erosion of the plasma because of the photochemical processes 682 

on this night. More plasma was accumulated on the bottomside of the ionosphere and 683 

caused the longtime plasma density enhancement. 684 

 685 

 686 

4. Summaries and Conclusions 687 

In this paper, we present the multi-source perturbations in the evolution of an 688 

equatorial plasma bubble (EPB) event observed by an all-sky airglow imager (ASAI) 689 

deployed at Dax (22.6°N, 107.1°E; dip latitude ~12.6°N), China, on the night of 17 690 

November 2015 (17-Nov-2015). A very high frequency (VHF) radar at Fuk (19.5°N, 691 

109.1°E; dip latitude ~9.5°N), and a ground-based chain of digisondes spanned the 692 

latitude from Sanyan (18.4°N, 109.0°E; dip latitude ~8.5°N) to Mohe (52.0°N, 693 

122.5°E; dip latitude ~42.0°N) were combined to investigate the background 694 

ionospheric and thermospheric conditions that affected the evolution of the EPB 695 

event.  696 

Observations indicated:  697 

1. The primary structures of the EPB depletions were successively ordered with a 698 

spacing of about 400 km along the longitude direction; two cluster-type structures 699 

around the primary EPB depletions had a smaller spacing of ~150 km;  700 

2. Three kinds of depletions that occurred near sunset, near midnight, and 701 

post-midnight were observed; those depletions occurring at sunset had a faster 702 

poleward/vertical velocity than those that occurred around midnight. Depletions 703 

that occurred at postmidnight became fossilized bubbles; 704 

3. Accompanied by the EPB depletions are bottom-type layer structures that were 705 

connected to the roots of the plume-like irregularities observed by the VHF radar; 706 

4. The poleward growth of those post-sunset depletions occurred when the 707 
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ionosphere was elevated by a prereversal enhancement of the zonal electric field 708 

(PRE); the relatively slower poleward growth of those near-midnight depletions 709 

occurred when an equatorward seasonal wind elevated the ionosphere in regions 710 

with a latitude higher than the geographic (geomagnetic) equator ~20° (10°);    711 

Analyses indicated:  712 

1. The EPB event evolved from the bottom-type structures that could be seeded by 713 

the AGW and CSI –inducing perturbations; the AGW with the same horizontal 714 

wavelength as the successive EPB depletions could explain the periodic 715 

characteristic of the EPB event; CSI occurring on the ionospheric bottomside 716 

could cause those cluster-type depletions on a smaller scale (~100-150 km);  717 

2. The generalized RTI processes further drove those AGW and CSI –inducing 718 

bottom-type structures to form bifurcated/plume-like structures at the ionospheric 719 

topside: those plume-like depletions with faster growth at post-sunset evolved 720 

from the bottom-type structure most likely driven by the PRE-inducing RTI 721 

process; those near-midnight plume-like depletions with a slower 722 

poleward/upward velocity were the secondary structures evolved from topside 723 

structures of the developed depletions by a seasonal equatorward wind-inducing 724 

RTI process; 725 

3. Those two cluster-type structures first appeared in the same upwelling region of a 726 

large-scale wave-like structure (LSWS), but later the right adjacent cluster-type 727 

structures were modulated into a rough/decreasing region of the LSWS. An 728 

eastward/westward polarization electric field inside the upwelling/trough region 729 

of the LSWS could accelerate/suppress the development of the left/right 730 

cluster-type depletions. 731 

This paper thus highlights the significance of multi-source perturbations in the 732 

evolution of an EPB event that occurred over the low latitudes of China. 733 
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