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Abstract

An interesting interaction between equatorial plasma bubbles (EPBs), medium-scale traveling ionospheric disturbance (MSTID),

and midnight brightness wave (MBW) were observed at Cachoeira Paulista, Brazil (22.7°S, 45.0°W, magnetic dip latitude ˜20°S)

by all-sky images of OI 630 nm emission, on the night of September 17-18, 2015. The EPBs were observed moving eastward

while the MSTID propagated northwestward with the wavefront aligned to southwest-northeast. The MBW was observed

propagating to south-southwest. After interaction with MSTIDs, the EPBs tilted and became larger and narrower. This effect

could be associated with the x drift and also with changes in the neutral wind. Furthermore, the MBW also interacted with

EPB and filled the EPB edge with plasma.
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Key Points: 15 

● Rare interaction between plasma bubbles, medium-scale traveling ionospheric 16 

disturbances, and midnight brightness wave was observed at low latitudes. 17 

● Equatorial plasma bubbles tilted, narrowed, and grew after the medium-scale traveling 18 

ionospheric disturbances crossed them. 19 

● Interaction between equatorial plasma bubbles and midnight brightness wave caused 20 

intensification of the plasma density at the edge of the plasma bubble. 21 

  22 

  23 
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Abstract 24 

 25 

An interesting interaction between equatorial plasma bubbles (EPBs), medium-scale traveling 26 

ionospheric disturbance (MSTID), and midnight brightness wave (MBW) were observed at 27 

Cachoeira Paulista, Brazil (22.7°S, 45.0°W, magnetic dip latitude ~20°S)  by all-sky images of 28 

OI 630 nm emission, on the night of September 17-18, 2015.  The EPBs were observed moving 29 

eastward while the MSTID propagated northwestward with the wavefront aligned to southwest-30 

northeast. The MBW was observed propagating to south-southwest. After interaction with 31 

MSTIDs, the EPBs tilted and became larger and narrower. This effect could be associated with 32 

the ExB drift and also with changes in the neutral wind. Furthermore, the MBW also interacted 33 

with EPB and filled the EPB edge with plasma. 34 

 35 

Plain Language Summary 36 

 37 

Equatorial plasma bubbles (EPBs), medium-scale traveling ionospheric disturbances (TIDs), and 38 

midnight brightness waves (MBWs) are phenomena that have been studied individually over 39 

several decades. Recently, collapse and shrinking of EPBs has become a subject of interest of the 40 

scientific community, due to observations that EPB-TID interaction results in EPB 41 

disappearance. We report an interesting and a rare observation of EPBs, MSTID, and MBW 42 

using an All-Sky airglow imager at Cachoeira Paulista, Brazil (22.7°S, 45.0W, magnetic dip 43 

latitude ~20°S, referring to 2015) on the night of September 17-18, 2015. Interaction with the 44 

MSTIDs caused the EPBs to tilt, grow, and to become narrower, but did not disappear. 45 

Subsequently, the MBW interacted with the EPB and filled the EPB edge with plasma. This 46 

effect could be associated with ExB drift and also with changes in the neutral wind. 47 

 48 

Introduction 49 

 50 

Equatorial plasma bubbles (EPBs) are electron density depletions that occur in Earth's 51 

ionosphere with a latitudinal dimension of hundreds to thousands of kilometers (e.g., Barros et 52 

al., 2018; Clemesha, 1964; Kelley, 2009; Sobral et al., 1980; Takahashi et al., 2015). The most 53 

accepted mechanism of EPBs is the Rayleigh-Taylor instability (RTI) associated with layer uplift 54 
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of the F layer due to the E×B drift (Rishbeth, 2000). The RTI theory requires perturbation in the 55 

bottom side of the F layer to trigger the EPBs (e.g., Abdu et al., 2015; Haerendel, 1973; Kelley, 56 

2009; Paulino et al., 2011; Tsunoda, R.T., 2010; Vadas et al., 2009).  57 

 58 

MSTIDs are understood as the manifestation of gravity wave propagation in the ionosphere 59 

(Hines, 1960; Hooke, 1968). MSTIDs can have horizontal wavelengths from hundreds to 60 

thousands of kilometers (e.g., Figueiredo et al, 2018a; Hunsucker, 1982). The mechanism of 61 

generation of MSTIDs has been proposed to include polarization electric field in addition to the 62 

classical theory for gravity waves (e.g., Miller et al., 1997; Kelley & Miller, 1997). Some 63 

observations have shown that MSTIDs propagated northwestward in the Southern hemisphere 64 

(e.g., Amorim et al., 2011; Figueiredo et al., 2018b) and southwestward in the northern 65 

hemisphere (e.g., Otsuka et al., 2012). They were generated by well-known Perkins and E -F 66 

layers coupling instability (e.g., Yokoyama and Hysell, 2010). Also, MSTIDs have been 67 

observed propagated to other directions as well (Paulino et al., 2016, Figueiredo et al., 2018b). 68 

 69 

Recent reports of observations and numerical simulations of medium-scale traveling ionospheric 70 

disturbances (MSTIDs) outside the equatorial region suggest that MSTIDs could seed plasma 71 

bubbles (e.g., Miller et al, 2009; Krall et al, 2011; Takahashi et al., 2018). 72 

 73 

Another type of traveling ionospheric disturbance is known as the midnight brightness wave 74 

(MBW) (e.g., Fukushima et al., 2017). MBW is the optical signature of a midnight temperature 75 

maximum (MTM) in which the neutral temperature increases by between 50 and 200 K near 76 

local midnight (e.g., Figueiredo et al., 2017; Mesquita et al., 2018 and references therein). The 77 

MBW leads an increase in OI 630 nm intensity, and then propagates to the poles (e.g., Burnside 78 

et al., 1981; Colerico et al., 1996, Fukushima et al., 2017). The midnight pressure bulge, 79 

associated with MTM, reverses the meridional wind’s direction from equatorwar to poleward 80 

(Colerico et al., 1996; Herrero et al., 1993). Consequently, poleward wind moves the F layer 81 

down along the magnetic field lines, increasing the intensity of the OI 630 nm emission rates 82 

(Link & Cogger, 1988). 83 

 84 

EPBs, TIDs, and MBW are phenomena that have been individually studied over several decades 85 



Confidential manuscript submitted to Geophysical Research Letters 

4 
 

(e.g., Otsuka et al., 2012; Shiokawa et al., (2015); and Narayanan et al., 2016).  Recent works 86 

have reported that interactions between EPB/TIDs produce collapse and/or shrinkage (Otsuka et 87 

al., 2012, Shiokawa et al., 2015, and Narayanan et al., 2016). The main physical mechanisms 88 

associated with the plasma bubble disappearance after the EPB/MSTID interaction is the MSTID 89 

polarization electric field and the F-region dynamo of the ionospheric/thermospheric waves 90 

(Otsuka et al., 2012; Shiokawa et al. 2015). 91 

 92 

In this paper, we report an interaction between EPB, MSTID, and MBW which does not result in 93 

plasma bubbles disappearance. We observed that plasma bubbles tilted, grew along the magnetic 94 

field lines, and became narrower. Enhancement in brightness at their edges after interaction with 95 

MSTID and MBW was observed as well. Furthermore, we discuss some physical ionospheric 96 

processes required for explaining EPBs non-disappearance after EPB/MSTID and EPB/MBW 97 

interactions, which may lead to a better understanding of the equatorial ionosphere. 98 

 99 

Observations and results 100 

 101 

The All-Sky imager installed at Cachoeira Paulista, Brazil (22.7°S, 45.0W°, magnetic 102 

coordinates: 20.4°S, 21.4° E; magnetic coordinates are for 2015) operates with two optical 103 

filters: OH Meinel bands and OI 630 nm. It has a fisheye lens with 180° field of view, and a 104 

CCD camera with a resolution of 1024x1024 pixels. OI 630 nm images are captured 105 

approximately every 110 seconds with an exposure time of 90 seconds. 106 

 107 

Figure 1 shows a sequence of detrended OI 630 nm images, captured between 01:57 and 05:48 108 

UT (local time (LT): GMT - 3 hours) of September 17-18, 2015. Detrended images were 109 

obtained by subtracting 1-hour running-average images from the original images (Otsuka et al., 110 

2012). The plasma bubbles are indicated by red arrows and propagated north-eastward with a 111 

horizontal drift of ~68 m/s. The MSTID wavefronts (indicated by white arrows) were southwest-112 

northeast aligned and propagated northeastward from 01:57 to 04:08 UT with horizontal phase 113 

speed of ~135 m/s. Finally, a bright region is observed propagating south-southwest, indicated 114 

by blue arrows, with velocity of ~ 131 m/s, between 03:48 and 05:48 UT. The smooth and static 115 

region seen in the southwest portion of the image is due to contamination from city lights. 116 
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 117 

 118 

Figure 1 – Detrended unwarped all-sky images of the OI 630 nm emission observed at Cachoeira 119 

Paulista, Brazil, between 01:57 and 05:48 UT. The red arrows indicate depletions associated with 120 

EPB, the blue arrows indicate the MBW, and the white arrows indicate the MSTID. Detrended 121 

images are obtained by subtracting 1-hour running-average images following the approach 122 

described by Otsuka et al., (2012). Trees near the observatory prevent visibility of the sky in the 123 
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upper left corner of the image. 124 

 125 

The EPBs propagate to the northeast, from ~ 01:57 to 02:17 UT, without a change in their 126 

structures. However, at 03:07 UT, the EPBs interacts with the MSTID, then the EPBs tilts, grows 127 

latitudinally, and moves slowly westward. The MSTID left the imager´s field of view after 04:25 128 

UT. Next, at 03:48 UT, in the upper left corner of the image, a bright region with higher intensity 129 

than the background level appears propagating to south-southwest. The bright region interacts 130 

with the EPBs, which become brighter while remaining tilted and narrowed until 06:30 UT (not 131 

shown). An animation of Figure 1 is available through the supporting information related to this 132 

article, see Movie S1. 133 

 134 

To investigate the bright region that propagates southwest, Figure 2 shows (a) an airglow image 135 

measured by an all-sky imager; as well as the neutral wind (b and c) components and (d) 136 

temperature measured by the Fabry-Perot interferometer (FPI) at São João do Cariri (7.4°S, 137 

36.5°W, magnetic coordinates: 12°S; 33°E; for 2015). Details about FPI and data analysis 138 

methodology have been published elsewhere (Makela et al., 2009, and Meriwether et al., 2011). 139 

The FPI measures Doppler shift and broadening of the OI 630 nm emission line with an 140 

elevation angle of 45° at four cardinal directions (N, S, E, W) and zenith. In Figure 2, it will be 141 

noticed that the zonal (b) and meridional (c) components of the thermospheric wind changed 142 

their flow direction at 02:00 UT. The zonal component changes from east to west and the 143 

meridional component from equatorward to the poleward. Moreover, the neutral temperature (d) 144 

increased when compared to the neutral temperature of International Reference Ionosphere (IRI) 145 

2016 model (Bilitza et al., 2017). The IRI 2016 neutral temperature was matched (21:00–21:30 146 

UT) with the observed temperature by applying a constant offset, as described by Meriwether et 147 

al. (2011). These characteristics of neutral wind and temperature are the signature of the 148 

midnight temperature maximum (Figueiredo et al., 2017).   149 

 150 

Figure 2a shows a snapshot of the OI 630 nm all-sky image at São João do Cariri at 03:01 UT. 151 

The bright region indicated by a blue arrow is the optical signature of an MTM, which 152 

propagates south-southwest, which is also known as a midnight brightness wave (Colerico et al., 153 

1996). Figure 1 shows an MBW (blue arrows), which was also observed at São João do Cariri. A 154 
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short movie of the São João do Cariri's images is shown in the supplementary Movie S2. 155 

 156 

 157 

Figure 2 - a) Unwarped OI 630 nm image taken on September 18, 2015, over São João do Cariri 158 

(black dot). The blue arrow points to an MBW propagating southwest. Figures b) and c) show 159 

the zonal (for west and east look directions) and meridional (for north and south look directions) 160 

components of the neutral wind observed by FPI at São João do Cariri. While panel d) shows 161 

both the neutral temperature obtained by FPI and the IRI 2016 model. 162 

 163 

Discussion 164 

 165 

In this section, we analyze the associated ionospheric physical processes in order to explain the 166 

EPB/MSTID and EPB/MBW interactions observed at Cachoeira Paulista on September 17-18, 167 

2015. 168 

 169 

Four hours before the interactions occurred, an increase in the AE index was observed between 170 

22:00 and 24:00 UT on 09/17/2015, which reached 687 nT. The Kp and Dst indices reached 3- 171 

and -10 nT respectively. It is known geomagnetic conditions can interfere in the dynamics of the 172 

equatorial ionosphere, generating a disturbance dynamo (Blanc & Richmond, 1980) and 173 

consequently changing the propagation direction of the EPB from east to west (e.g., Huang & 174 
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Roddy, 2016; Paulino et al., 2010). Huang & Roddy, (2016) observed EPB zonal drift velocity 175 

from Communications/Navigation Outage Forecasting System (C/NOFS) satellite data between 176 

May 2008 and April 2014 and concluded that the disturbance dynamo is significant in the 177 

equatorial region when Kp > 4 or Dst < -60 nT. Therefore, an effect of the disturbance dynamo 178 

on the change of EPB direction is unlikely, suggesting that an interaction between MSTID and 179 

EPB is a good candidate to explain it. 180 

 181 

EPB and MSTID Interaction 182 

 183 

The EPBs observed at Cachoeira Paulista, on the early morning of September 18, 2015, 184 

propagated toward the northeast. Previous studies in Brazil have shown that plasma bubble drifts 185 

from west to east with velocities ranging from 50 to 200 m/s (Paulino et al., 2011; Barros et al., 186 

2018; Pimenta et al., 2003; Sobral et al., 1981). Additionally, the MSTID propagates to the 187 

northwest. Nighttime MSTIDs originate mainly in middle latitudes due to the Perkins instability 188 

and coupling between E and F regions (Yokoyama & Hysell, 2010). Usually, Northern 189 

hemisphere MSTIDs propagate southwestward, while in the Southern hemisphere they propagate 190 

to the northwest (Ogawa et al., 2009; Otsuka et al., 2004 and 2007; Shiokawa et al., 2003). For 191 

instance, in Brazil, reports of MSTIDs propagating northwestward have been published 192 

elsewhere (Amorim et al., 2011; Figueiredo et al., 2018b and references therein). 193 

 194 

Previous studies have reported that the EPB can be absorbed by the MSTID when they interact 195 

with each other (e.g., Otsuka et al., 2012; Shiokawa et al., 2015). Moreover, these authors 196 

suggest that the horizontal shear of the polarization electric field, associated with the MSTID, 197 

moved the ambient plasma into the EPB, through magnetic field lines via ExB drift (Fig. 4 of 198 

Otsuka et al., 2012, and Fig. 10b of Shiokawa et al., 2015). In our case, the dark band of the 199 

MSTID interacts with the EPB, so the shear between the bright and dark band was not sufficient 200 

to fill the EPB depletion.  201 

 202 

To explain what physical mechanism was able to grow the EPB along the magnetic field lines, 203 

we have used data from ionosonde and magnetometers installed at Cachoeira Paulista. Figure 3 204 

shows (a) the ionospheric parameters from ionograms (h'F, foF2, hmF2), (b) the zonal electric 205 
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field, and (c) the vertical drift. Figure 3 (a) shows that during the passage of the dark band 206 

MSTID between 02:00 and 03:00 UT, an F layer uplifted was caused by the increase of the 207 

eastward electric field (Figure 3(b)). Therefore, the EPB likely grew across the magnetic field 208 

lines due to an eastward polarization electric field provided by MSTID and subsequently 209 

increased upward ExB drift of the EPB (Figure e (c)). 210 

 211 

 212 

Figure 3 – a) Ionospheric parameters (h’F, hmF2, and foF2) at Cachoeira Paulista on 18/09/2015. 213 

b) Zonal electric field calculated using magnetometer. c) Vertical drift profile. 214 

 215 

Figure 4 shows a schematic diagram of the EPB/MSTID interaction between the polarization 216 

electric field (𝛿𝐸) and 𝛿𝐸 ൈ 𝐵 drift associated with MSTID to explain the physical mechanism 217 

that tilts EPB. We can see that the southeastward (northwestward) 𝛿𝐸 in the dark (bright) airglow 218 

region moves the F-region plasma to higher (lower) altitudes via ExB, resulting in decreases 219 

(increases) in the intensity of OI 630 nm airglow (e.g, Shiokawa et al., 2003). The 𝛿𝐸 ൈ 𝐵 drift 220 

velocity is northeastward (southwestward) in the bright (dark) region. Since the interaction 221 

occurs after midnight, the polarization electric field within the EPB is weak and does not cause a 222 

plasma drift relative to the plasma ambient (Huang et al., 2010). Thus, southwestward drift 223 
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velocity in the dark airglow region due to MSTID may have tilted and it has controlled the west-224 

east drift of the EPB. 225 

In the current event, the thermospheric neutral wind observed by FPI in the southern hemisphere 226 

was southwestward during a period when MSTID interacted with EPB. The electric current 227 

induced by the neutral wind in the F region in the southern hemisphere is expected to be 228 

northwestward. For this case, the polarization electric field generated by Ohm's law in the 229 

Southern hemisphere is northwestward (southeastward) in the dark (bright) airglow region. 230 

These electric fields cannot maintain the MSTID structures. Therefore, the polarization electric 231 

field could be generated mainly in the northern hemisphere, where the electric current was 232 

conducive to generating the MSTID polarization electric field (e.g., Otsuka et al., 2004, Otsuka 233 

et al., 2012, and Shiokawa et al., 2005). 234 

 235 

 236 

Figure 4 - Schematic upper view diagram of the interaction between MSTID and EPB. The 237 

polarization electric field, 𝛿𝑬, of MSTID produces 𝛿𝑬 ൈ 𝑩 drift velocities (black arrow). 𝛿𝐸 ൈ 𝐵 238 

drift velocities are northeastward (southwestward) in the bright (dark) region. ∑௉ is the Pedersen 239 

conductivity integrated along the magnetic field line. Bright (dark) regions of MSTID have high 240 

(low) Pedersen conductivity. While B is the magnetic field out of the page.  241 
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 242 

A difference between the Otsuka et al. (2012) case and the present result is the duration of the 243 

interaction between EPB and MSTID. Otsuka et al. (2012) showed that the EPB disappeared 244 

soon after the MSTID interaction, while in the present case, the EPB survived longer. This 245 

difference could be due to deeper depletion of plasma density within the EPB and/or a weak 246 

polarization electric field shear of the MSTID.  247 

 248 

EPB and MBW Interaction 249 

 250 

The MBW decreases the F-layer height and increases the critical frequency (foF2). After those 251 

alterations, the F region is uplifted by a few kilometers (Figueiredo et al., 2017). The MBW is 252 

characterized by an increase of the OI 630 nm airglow intensity, which propagated poleward in 253 

both of the hemispheres, and reverses the thermospheric neutral wind direction from 254 

equatorward to poleward (Colerico et al., 1996; Herrero & Meriwether, 1980; Otsuka et al., 255 

2003). Therefore, the reverse of neutral wind direction and gravitational diffusion moves the 256 

ionospheric plasma from low to middle latitudes along geomagnetic field lines (e.g., Fukushima 257 

et al., 2017). 258 

 259 

When the observed MBW reached latitudes within the imager's fields of view, it also interacted 260 

with the EPB by partially filling the EPB edges with plasma (density and temperature larger than 261 

the background plasma) making it brighter even after the MBW had passed. In addition, the 262 

MBW does not modify the bubble structure, suggesting that it does not produce a polarization 263 

electric field (e.g., MSTID) which absorbs or modifies the structure of the EPB, as noticed in 264 

Figure 2a. 265 

 266 

Makela et al. (2006) related the occurrence of the EPB and the elongated bands of enhancement 267 

in OI 630 nm emission. The authors suggested that this enhancement can be explained by the 268 

rapid descent of the F layer associated with winds. Martinis et al. (2009) observed a bright 269 

background airglow structure moving toward the South of Arecibo which involved a brighter 270 

EPB structure. The authors interpreted this change in the EPB brightness as being mostly due to 271 

zonal wind reversal. Krall et al. (2009) used numerical simulation to show that EPB brightness is 272 
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generated when the zonal wind stops the ExB upward drift, increasing the EPB density at the 273 

airglow layer.  274 

 275 

In the present study, we observed that the interaction between EPB and MBW generates a bright 276 

airglow structure at the edge of the EPB as reported by Makela et al. (2006) and Martinis et al. 277 

(2009). Also, Figures 2b and 2c show that the MBW reverses directions of the neutral wind 278 

components. Based on our present results, we can infer that the brightening mechanism is the 279 

same as that suggested by Martinis et al. (2009) and Krall et al. (2009). However, the phenomena 280 

responsible for the bright structure of the EPB are different for each of those cases. 281 

 282 

The conditions for the EPB development and dissipation after the MSTID and MBW interactions 283 

will be the subject of future studies. Further observations and investigations of the 284 

electrodynamics, as well as numerical simulations of EPBs, are needed for a better understanding 285 

of these phenomena. 286 

 287 

Summary and conclusions 288 

 289 

Interactions between EPB, MSTID, and MBW were observed at Cachoeira Paulista, Brazil, on 290 

the early morning of September 18, 2015, using an all-sky imager for the OI 630 nm emission. 291 

As a result of those interactions, the EPBs tilted, grew, and narrowed, but did not disappear. 292 

Subsequently, an MBW arose in the equatorial region (7°S) propagating toward a lower latitude 293 

(23°S) and also interacting with EPBs over Cachoeira Paulista. 294 

 295 

We suggest that the ExB drift caused by the MSTID allied to a change of the neutral wind due to 296 

the MBW, could tilt and control the west-east drift and could fill the EPB with plasma. In 297 

addition, the EPB grew along the magnetic field lines suggesting that an eastward polarization 298 

electric field from the MSTID provided an eastward polarization electric field to EPB and, 299 

consequently, increased the upward ExB drift of the EPB.  300 

 301 
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