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Abstract

Broad plasma depletions (BPDs) are bubble-like plasma depletions in the equatorial F region whose longitudinal widths (> 4

degree) are greater than those of regular bubbles. Their occurrence in satellite observations is understood in terms of the uplift

of the ionosphere; BPDs are observed when satellites pass through the bottomside of bubbles. However, a merger of bubbles is

also suggested as the cause of BPDs. We investigate the origin of BPDs by examining the occurrence climatology of BPDs and

its association with vertical plasma motion. Our preliminary results derived from the C/NOFS observations in 2008–2012 show

that BPDs occur more frequently during lower solar activity, during higher magnetic activity, and at lower altitudes. BPDs

during solar maximum and minimum periods show different behavior. BPDs during solar maximum period occur frequently at

premidnight and during the equinoxes and December solstices (for highly geomagnetically disturbed periods). On the contrary,

BPDs during the solar minimum period occur predominantly at postmidnight and during the June solstices. The occurrence

rates of postmidnight BPDs are positively correlated with AE index and are inversely correlated with 10.7 cm solar radio flux.

Low solar activity creates favorable conditions for generating BPDs by thinning the F region. At the solar minimum, the density

of the F region’s bottomside changes significantly even with slight altitude shifts, which can be recognized as BPDs. When a

geomagnetic disturbance occurs, the eastward electric field can be enhanced at the equatorial F region, and the entire F layer

can move upward.
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Three main points: 18 

1. BPDs occur predominantly at postmidnight in comparison to premidnight. 19 

2. BPDs occur more frequently during periods of low solar activity and during the June 20 

solstices. 21 

3. Generation of BPDs is associated with lower scale height, stagnant background plasma 22 

and storm-time disturbance dynamo. 23 
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Abstract 24 

Broad plasma depletions (BPDs) are bubble-like plasma depletions in the equatorial F region 25 

whose longitudinal widths (> 4 degree) are greater than those of regular bubbles. Their 26 

occurrence in satellite observations is understood in terms of the uplift of the ionosphere; BPDs 27 

are observed when satellites pass through the bottomside of bubbles. However, a merger of 28 

bubbles is also suggested as the cause of BPDs. We investigate the origin of BPDs by examining 29 

the occurrence climatology of BPDs and its association with vertical plasma motion. Our 30 

preliminary results derived from the C/NOFS observations in 2008–2012 show that BPDs occur 31 

more frequently during lower solar activity, during higher magnetic activity, and at lower 32 

altitudes. BPDs during solar maximum and minimum periods show different behavior. BPDs 33 

during solar maximum period occur frequently at premidnight and during the equinoxes and 34 

December solstices (for highly geomagnetically disturbed periods). On the contrary, BPDs 35 

during the solar minimum period occur predominantly at postmidnight and during the June 36 

solstices. The occurrence rates of postmidnight BPDs are positively correlated with AE index 37 

and are inversely correlated with 10.7 cm solar radio flux. Low solar activity creates favorable 38 

conditions for generating BPDs by thinning the F region. At the solar minimum, the density of 39 

the F region’s bottomside changes significantly even with slight altitude shifts, which can be 40 

recognized as BPDs. When a geomagnetic disturbance occurs, the eastward electric field can be 41 

enhanced at the equatorial F region, and the entire F layer can move upward. 42 

  43 
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1. Introduction 44 

The plasma depletions in the equatorial F region have various sizes of irregularities during 45 

the nighttime. A typical phenomenon of irregularities, bubbles, has formation of deep plasma 46 

density depletion structures over a narrow longitude and latitude. Sometimes, especially when 47 

there is a geomagnetic disturbance, plasma depletion is formed over a wider space, which is 48 

called a broad plasma depletion (BPDs). BPDs in the equatorial F region are plasma depletions 49 

over several hundred kilometers in longitude and latitude. 50 

       BPDs were mainly found from in-situ satellite observations during geomagnetic disturbance: 51 

the Defense Meteorological Satellite Program (DMSP) at 840 km altitude (Basu et al., 2007; 52 

Burke et al., 2000; Greenspan et al., 1991; Kil & Paxton, 2006; Kil et al., 2006), the first 53 

Republic of China Satellite (ROCSAT-1) at 600 km altitude (Su et al., 2002), the Korea 54 

Multipurpose Satellite-1 (KOMPSAT-1) at 685 km altitude (Lee et al., 2002), and the 55 

Communication/Navigation Outage Forecasting System (C/NOFS) from 400 km to 850 km 56 

altitude (Burke et al., 2009; Huang et al., 2009; Huang et al., 2011, 2012; Kil & Lee, 2013; Kil et 57 

al., 2014, 2016; Lee et al., 2014). 58 

       There are two hypotheses regarding the mechanism of BPDs; merging bubbles and 59 

ionospheric uplift. Merging process is responsible for the BPDs observed near plasma bubbles. 60 

Plasma bubbles grow and merge to form BPDs (Huang et al., 2011, 2012; Kil & Paxton, 2006; 61 

Kil et al., 2006). However, some BPDs are observed without any signature of plasma bubbles 62 

(Kil & Lee, 2013, Kil et al., 2014, 2016; Lee et al., 2014). In other words, BPDs are found in 63 

longitudinal regions where C/NOFS did not detect bubbles before BPDs detection. As such, Kil 64 

et al. (2013) claimed that bubbles are not a necessary condition for BPDs formation.  65 

       According to the second hypothesis, the cause of BPDs is a geomagnetic disturbance, which 66 
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introduces an electric field to the low-latitude ionosphere. The enhanced eastward electric field 67 

moves the plasma upward via the E × B drift. BPDs are detected when the satellites pass through 68 

the upwelling edge at F region bottomside during geomagnetic disturbance time. Therefore, a 69 

large and wide density depletion has been observed as the satellite observes the region. 70 

       The goal of this study is to identify the characteristics of BPD occurrence rate and to check 71 

the mechanism of BPD generation. For this purpose, we use the measurements of the plasma 72 

density taken by the Planar Langmuir Probe (PLP) on board the C/NOFS satellite. The C/NOFS 73 

satellite was launched in April 2008 into an elliptical orbit at an altitude of 400 km-850 km. Its 74 

orbital inclination was 13°.  75 

       Though a number of studies have investigated the characteristics of BPDs extensively, there 76 

is still room for further improvement. Since DMSP and KOMPSAT-1 are on sun-synchronous 77 

orbits, the ionosphere can only be monitored at a limited range of local time. The ROCSAT-1 78 

has a circular orbit, and its altitude was fixed at 600 km. The operating period of KOMPSAT-1 79 

and ROCSAT-1 is near the peak of solar activity. On the other hand, since C/NOFS has an 80 

elliptical orbit, the equator can be observed at various local time regions. In addition, since the 81 

altitude orbit is 400 km to 850 km and operating period is from solar minimum to moderate 82 

period, the BPD characteristics can be analyzed at various altitudes and solar activities. 83 

       Furthermore, most of the previous studies have explained the phenomenon with a few 84 

examples. We went one step further to find the BPDs automatically and checked their statistical 85 

characteristics. The data and methodology are explained in section 2. The results from statistical 86 

analysis of the BPDs are shown in section 3. In section 4, we discuss why the rate of BPDs 87 

occurrence is high under certain conditions. A conclusion for this study is given in section 5. 88 

 89 
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2. Data and methodology 90 

       The C/NOFS satellite was in an elliptical orbit (altitude: 400 km-850 km) with an orbital 91 

inclination of 13 degrees and launched on 16 April 2008. The low-inclination orbit assists in 92 

monitoring the ionosphere at all local time sectors. PLP on board the C/NOFS satellite detected 93 

the plasma density and temperature in situ. The data sampling rate of PLP is 512 Hz, and allows 94 

for detection of irregularities as small as 13 m. In this study, we analyze the plasma density 95 

measurements using 1s average data, because the BPDs structure forms over several hundred 96 

kilometers. 97 

To illustrate the methodology used to automatically detect BPDs, we used BPDs observed 98 

on 11 December 2010 as an example. The black curve in Figure 1a shows in situ measurements 99 

of the plasma density obtained from the PLP data. The red curve indicates the background 100 

density. The background density is determined by repeated smoothing and removal of the low 101 

density region. The observed density was smoothed using 50 data points. Then, the background 102 

density is obtained by repeating the smoothing operation 5 times based on the assumption that 103 

the variation of background density is smooth with respect to longitude. 104 

Figure 1b represents the difference between the logarithm of the plasma density (𝑁𝑖) and 105 

logarithm of the background density (𝑁0). Figure 1c shows the absolute values of the results in 106 

Figure 1b. The red dashed line in Figure 1c is the threshold value (σ > 0.2 %), which is used to 107 

remove very small density perturbations. The equatorial ionization trough, which shows a 108 

gradual density variation, is not included. The data points exceeding the threshold value in 109 

Figure 1c are given as Flag 1, and those that do not exceed the threshold value are treated as Flag 110 

0, and the result is shown in Figure 1d. Since we focus on irregularities over several hundred 111 

kilometers in longitude and latitude, we have assumed that values above the threshold must be 112 
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maintained over at least 60 consecutive data points (4 degrees) for longitude. The BPDs based on 113 

that assumption are shown in Figure 1e. 114 

 115 

3. Results 116 

       Figure 2a shows the local time distribution of the occurrence of BPDs during 2008-2012. 117 

After the BPDs were automatically detected, various parameters corresponding to the median UT 118 

values of each of the BPDs were used for statistical analysis. BPDs are detected automatically 119 

from the PLP data orbit according to orbit. We processed the PLP data from 2008-2012. The 120 

total number of BPDs is 378. There are 53 premidnight BPD events and 325 postmidnight BPD 121 

events. 122 

BPDs are observed after 18:00 LT and have a peak occurrence rate between 02:00 and 123 

04:00 LT. Although BPDs were found at premidnight in previous case studies, our statistical 124 

analysis shows that BPDs occur predominantly postmidnight. A number of researchers have used 125 

DMSP and KOMPSAT-1 satellite data to study BPDs occurring before midnight due to the Sun-126 

synchronous satellite orbit (Basu et al., 2007; Burke et al., 2000; Greenspan et al., 1991; Kil & 127 

Paxton, 2006; Kil et al., 2006, Lee et al., 2002). In ROCSAT-1 and C/NOFS satellite data, BPDs 128 

are also observed after midnight (Burke et al., 2009; Huang et al., 2009; Huang et al., 2011, 2012; 129 

Kil & Lee, 2013; Kil et al., 2014, 2016; Lee et al., 2002; Lee et al., 2014, Su et al., 2002). In the 130 

following discussions, we categorize BPDs into two groups separated by the local midnight, 131 

because we can identify different mechanisms depending on the local time. 132 

       Figure 2b shows the magnetic latitude distribution of BPDs occurrence. BPDs are frequently 133 

observed around the magnetic equator within ±5° magnetic latitude, regardless of the 134 

classification of pre-/post-midnight BPDs. These results indicate that BPDs are not a 135 
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phenomenon that occur at other latitudes, but near the magnetic equator. 136 

       Figure 2c shows the occurrence rate of BPDs as a function of Kp. The occurrence rates were 137 

presented in the form of a percentage (%) with respect to the total data points during 2008-2012. 138 

C/NOFS PLP data are not distributed equally for different Kp values. Therefore, the actual 139 

number of BPD occurrences can be biased by the uneven data distribution. As such, the 140 

occurrence rate is considered to identify the distribution as function of Kp. The occurrence rates 141 

of BPDs show an increasing trend with an increase of Kp. Although the number of premidnight 142 

BPDs is very small compared to postmidnight, premidnight BPDs appear primarily in Kp 143 

between 6 and 7. This means that premidnight BPDs mainly occur when there is a strong 144 

geomagnetic disturbance. 145 

       BPDs are mostly observed at lower apex altitudes in Figure 2d. According to the BPD 146 

formation mechanism suggested by Kil et al. (2014), more BPDs are expected on the F region 147 

bottomside because BPDs are nothing but the uplifted bottomside of the F region. This 148 

phenomenon can be confirmed in the high-resolution plasma bubble model of Yokoyama et al. 149 

(2014), where the F region bottomside bubble more closely resembles BPDs than the F region 150 

topside bubble. On the contrary, according to the merging bubble mechanism identified by 151 

Huang et al. (2011), more BPDs must be observed at the topside, because the bubble grows 152 

vertically and then merges. Therefore, our Figure 2d seems to support Kil et al. (2014), who 153 

interpreted BPDs as updraft of F region bottomside. 154 

       Figure 3 shows the monthly distribution of the occurrence rate of BPDs for five years. BPD 155 

occurrences clearly peak at solar minimum. Significantly, most of them are observed in June, 156 

while the secondary occurrence maximum occurs in December. According to the uplift 157 

mechanism (Kil & Lee, 2013; Kil et al., 2014, 2016; Lee et al., 2014), when the entire F region is 158 
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lifted up and the satellite passes below it, it is considered as a BPD. Nishioka et al. (2012) also 159 

presented that the post-midnight field-aligned irregularities by 30.8 MHz radar and the uplift of 160 

the F layer represented by hmF2 were frequently seen around midnight during a solar minimum 161 

period between May and August at Kototabang, Indonesia. Figure 3 indicates that the increasing 162 

10.7 cm solar radio flux decreases the occurrence of BPDs. When a large number of BPDs are 163 

observed, the AE index is relatively high. This is consistent with the explanation that the 164 

eastward electric field caused by the geomagnetic activity increases in the equatorial F region 165 

around BPDs. 166 

       In Figure 4, the distributions of the rate of occurrence of BPDs are shown for three seasons: 167 

June solstice (May, June, July, and August), December solstice (November, December, January, 168 

and February), and Equinox (March, April, September, and October). Then, BPDs are divided 169 

into two groups based on the local time. The green curves represent premidnight BPDs, while 170 

blue curves indicate postmidnight ones. The 10.7 cm solar radio flux during 2008-2012 is shown 171 

with red curves. The rate of occurrence of BPDs tends to decrease with increasing solar activity. 172 

BPDs occur more frequently during the period of low solar activity and during the June solstices. 173 

This tendency is most prominent in postmidnight BPDs. Seasonally, the negative correlation 174 

with solar activity is clearly visible around the June solstice. On the other hand, in December and 175 

equinox, the correlation seems weak, albeit certainly negative. 176 

 177 

4. Discussion 178 

4.1. Postmidnight BPDs during low solar activity 179 

In this paper, we report the characteristics of the apex height, 𝐾𝑝  index, day of year, 180 

seasonal and solar activity effects on the equatorial BPDs. Based on the occurrence climatology, 181 
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BPDs observed by C/NOFS can be characterized as the phenomena at postmidnight, near the 182 

magnetic equator, at the lower part of the ionospheric F-region, during solar minimum, and 183 

during the June solstice. In particular, postmidnight BPDs are strongly dependent on the solar 184 

activity (i.e., occurrence rate of postmidnight BPDs is higher for low solar activity) and occur 185 

frequently in June solstice. This solar activity dependence of BPDs occurrence can be related to 186 

scale height variations in the ionosphere.  187 

       In a plasma moving in the vertical direction, the plasma density changes according to the 188 

ionospheric thickness, and the change can be expressed by the scale height. The variation of 189 

ionospheric electron density at two altitudes (∆𝑛𝑒) is associated with the height variation (∆h) in 190 

the F region bottomside and scale height (𝐻𝑚) [Hargreaves, 1992].  191 

 192 

∆𝑛𝑒 ∝ 𝑒𝑥𝑝 (
∆ℎ

𝐻𝑚
) 

 193 

𝐻𝑚 is a variable influenced by local time, season, and longitude. A low scale height means that 194 

density difference between the two altitudes is large – that is, the F region has contracted in its 195 

vertical extent. ∆ℎ , change of observation altitudes with respect to the F-region peak, is a 196 

variable that can be affected by the geomagnetic disturbance. In the equatorial ionosphere, ∆ℎ is 197 

known to change due to the disturbance-induced electric field. 198 

       The scale height is known to be related to the bottomside profile thickness. Lee & Reinisch 199 

(2007) investigated the scale height near the F region peak measured by digisonde at Jicamarca 200 

Radio Observatory (JRO) (11.95°S, 76.87°W) in Peru. Bottomside profile thickness is highly 201 

correlated with F2 layer Chapman scale height (Hm). Liu et al. (2012) reported the variation of 202 
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thickness measured by Jicamarca digisonde during the last two solar minima: 1996-1997 and 203 

2008-2009. At the geomagnetic equatorial station at Jicamarca, the thickness is lowest in June 204 

solstice 2008-2009, with very low solar activity. Liu et al. (2006) investigated the scale height of 205 

the F region peak using an ionogram. They showed that the F10.7 index shows an increasing 206 

trend with an increase of scale height around the F region peak height. At the solar minimum, the 207 

altitude extent of the F region peak becomes smaller than during the solar moderate periods 208 

because the scale height becomes smaller. Statistically, the most observed period for 209 

postmidnight BPDs is low solar activity and June solstice, where F region is known to contract 210 

most significantly. Under such conditions, the ionospheric density changes significantly, even for 211 

slight altitude changes. As such, low solar activity and June period make a good environment for 212 

postmidnight BPDs to occur. 213 

       For both mechanisms suggested for BPD generation, the uplift of the ionosphere and a 214 

merger of bubbles, updraft of the ionosphere should generate favorable conditions for BPD 215 

occurrence. In general, the vertical motion of the background plasma is upward during the 216 

daytime and downward during the nighttime. The upward drift peaks at about 18LT by 217 

prereversal enhancement, and the downward drift has a maximum at about 21LT. The amplitude 218 

of the vertical drift varies with the season, and the amplitude also varies with the solar flux (Fejer 219 

et al., 1991; 1995). While the amplitude of the vertical drift increases as the solar flux increases, 220 

in a low solar flux the amplitude of the vertical drift is small. In lower solar activity, the 221 

amplitude of average vertical plasma drifts measured at Jicamarca is very weak (Fejer et al., 222 

1991). Particularly after midnight in the June solstice during low solar activity, background 223 

plasma drift is almost stagnant. Figure 5 shows vertical plasma drifts measured by incoherent 224 

scatter radar at JRO during three seasons for solar minimum (2008-2009) and solar moderate 225 



11 
 

(2011-2012) periods. During the solar minimum, the ionospheric plasma in June solstice has an 226 

upward motion after midnight, unlike other seasons. In the solar moderate period, plasma in all 227 

seasons did not drift upward after midnight, but an upward drift appeared in December solstice 228 

and equinox around 19 LT.  In Figure 3, postmidnight BPDs are frequently observed during June 229 

solstice in 2008-2009, while the premidnight BPDs in 2011-2012 occur in December solstice and 230 

equinox: the BPD occurrence generally follows the season and solar activity dependence of the 231 

vertical drift of the background plasma. The background upward motion, which depends on 232 

season and solar activity, is an important factor in BPD generation.  233 

       The vertical plasma drift measured by C/NOFS Coupled Ion-Neutral Dynamics 234 

Investigation (CINDI) also showed that the vertical drift of the background plasma is weakly 235 

downward at midnight during low solar activity, but plasma depletion at sunset is rising slowly, 236 

so bubbles are observed at midnight (Smith et al., 2018). In addition, Stoneback et al. (2011) 237 

reported that the average vertical drifts are mostly downward in May, June, July, and August 238 

between 17:00 and 20:00 LT. As the vertical plasma drift is relatively less downward at 239 

postmidnight of June solstice during solar minimum, there is more opportunity for the satellite to 240 

observe the BPDs. 241 

Let us assume a disturbance-induced electric field of the same magnitude at the solar 242 

minimum and solar maximum. As the electric field uplifts the equatorial F region, ionospheric 243 

density at a fixed altitude changes more rapidly at the solar minimum than at the solar maximum. 244 

Two factors are known to change the electric field in the equatorial ionosphere by geomagnetic 245 

disturbance. The first is the penetration electric field generated by the sudden changes in the 246 

solar wind and magnetosphere, which is generally short-lived (for a few hours at most). The 247 

other is the disturbance dynamo electric field caused by the neutral wind, the effect of which can 248 
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last longer than several hours. Blanc & Richmond (1980) presented a theory called disturbance 249 

dynamo. According to this theory, during a magnetic storm, energy is deposited into both polar 250 

regions and Joule heating occurs. The concomitant changes in the global wind circulation can 251 

induce a westward electric field in dayside and an eastward electric field in the nightside. After 252 

midnight, which is the focus of this study, the eastward electric field is induced in the equatorial 253 

ionosphere by the effect of disturbance dynamo electric field during the magnetic storm, and the 254 

ionosphere plasma is lifted.  255 

       In June solstice during low solar activity the F region has a small scale height and near-256 

stagnant vertical drifts, which provides a good environment for the growth of BPDs. Under these 257 

conditions, the plasma density can change suddenly even at a slight altitude variation because the 258 

altitude slop of the plasma density becomes steep. On top of this pre-conditioning the 259 

disturbance-induced electric field in the background can lift up the ionosphere, leading to post-260 

midnight BPDs in June at very low solar activity. 261 

       The bubble distribution was investigated by C/NOFS during solar minimum, and the bubble 262 

was seen after midnight in northern summer (Huang et al., 2014). In Figure 6, BPD is well 263 

observed at longitude of 0 degree-90 degrees, and according to Huang et al. (2014), bubbles are 264 

observed in similar regions. The longitudinal distribution of the BPD is consistent with the 265 

distribution of longitude of relative density perturbations as well as plasma density perturbations. 266 

However, the number of BPD encounters has a secondary peak in 240 degrees-360 degrees and a 267 

minimum in 90 degrees-240 degrees. However, the bubble does not follow the longitudinal 268 

distribution of BPDs. That is, the bubble does not show the secondary peak and minimum 269 

longitudes. Ionospheric uplift can be favorable to the generation of both bubbles and BPDs, 270 

which may be responsible for their common occurrence peaks at longitude of 0 degree-90 271 
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degrees. However, the longitudinal distributions of BPD and bubble do not completely match, so 272 

the mechanism of BPD generation cannot be solely explained by the merging process suggested 273 

by Huang et al. (2011). 274 

       Recently, plasma bubbles have been reported over a wide latitude range in the ionosphere – 275 

for example, super plasma bubbles. With storm and concomitant prompt penetration electric field, 276 

plasma bubbles occurred in westward Africa and extended to European middle latitude (30°-277 

40°N) (Cherniak et al., 2016). Analysis of Millstone Incoherent scatter radar and GNSS TEC 278 

data for geomagnetic storms showed that a strong equatorial plasma bubble was grown and 279 

combined with mesoscale traveling ionospheric disturbances (Aa et al., 2019). These super 280 

plasma bubbles seemed to span a wide latitude range, just as equatorial BPDs have a large 281 

longitudinal extent. The relationship between BPDs and super plasma bubbles is an interesting 282 

topic, which has been left for future study.  283 

 284 

4.2. Premidinght BPDs during moderate solar activity   285 

       Although the occurrence rate is low, premidnight BPDs occur mainly during relatively high 286 

solar activity. During this period, the equatorial ionosphere does not necessarily have a lower 287 

scale height and weakly downward plasma drift: it is not a good environment for the occurrence 288 

of BPDs. Premidnight BPDs are observed with high Kp indices, which signifies strong storms. If 289 

an exceptionally strong eastward electric field is induced in the pre-midnight equatorial 290 

ionosphere by the prompt penetration electric field effect, the F region uplift can become 291 

stronger even though the background electric field is directed westward. The requirement for 292 

exceptional strength of eastward E-field may explain the low occurrence of pre-midnight BPDs 293 

during relatively higher solar activity in comparison to that of post-midnight BPDs during solar 294 
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minimum years. Considering the statistical properties of the two groups of BPDs divided by 295 

local time, the BPDs occurrences depend strongly on local time and solar activity. When the 296 

lower scale height and stagnant background make favorable environments for BPD generation 297 

during solar minimum, the storm-time disturbance dynamo can easily trigger the uplift of the 298 

equatorial ionosphere and generate prominent BPDs. It was considered as BPDs when satellite 299 

pass through the larger structure of plasma density depletion. 300 

 301 

5. Conclusions 302 

       We have investigated the statistical distribution in the occurrence of BPDs using the plasma 303 

density data measured by the PLP instrument on board the C/NOFS satellite in 2008-2012. We 304 

have also developed a code to find BPDs automatically. 305 

       Although premidnight BPDs have been found in previous studies, BPDs are mainly 306 

observed at lower apex height at postmidnight. BPDs were also frequently observed in the June 307 

solstice of low solar activity. The tendency of the BPD occurrence rate was similar to that of the 308 

AE index, and showed a clear inverse correlation with the 10.7 cm solar radio flux.  309 

       Why are BPDs often observed in postmidnight, solar minimum, and June solstice? The 310 

reason why BPD is frequently observed in low solar activity periods is because lower scale 311 

height and stagnant post-midnight background plasma forms a favorable environment for the 312 

production of BPDs. Under this pre-condition, storm-time disturbance dynamo can easily 313 

generate post-midnight BPDs. Even if the F region rises slightly due to the disturbance-induced 314 

electric field, the satellites can pass through the bottomside plasma more easily than for high 315 

solar activity. 316 
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       Since the F region is thick in high solar activity, a strong disturbance-induced electric field 317 

in support of eastward background field (e.g., pre-reversal enhancement) is necessary in order for 318 

the F region to be raised to create the BPD at satellite altitudes. Therefore, we suggest that BPDs 319 

in high solar activity are observed only if a strong prompt penetration electric field is superposed 320 

to pre-reversal enhancement in premidnight. A satellite at lower apex altitudes has a higher 321 

chance of detecting BPD. 322 

 323 

 324 
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Figure captions 492 

Figure 1. Examples of automatic BPDs search process in the C/NOFS satellite data. (a) In-situ 493 

measurements of plasma density. The red solid line represents the background density. (b) The 494 

difference between the logarithm of the plasma density and logarithm of the background density. 495 

(c) The absolute values of the results in Figure 1b. The red dashed line represents the threshold 496 

value. (d) Results considered the threshold value. (e) The final processed BPDs. 497 

 498 

Figure 2. Statistical distribution of the occurrence of BPDs as a function of (a) local time, (b) 499 

magnetic latitude, (c) the Kp index, and  (d) apex altitude, when BPDs were automatically 500 

searched in the C/NOFS data from June 2008 to December 2012. Blue and green bars indicate 501 

the occurrence rates of the postmidnight PBDs and the premidnight BPDs, respectively. 502 

 503 

Figure 3. Monthly distribution of occurrence rate of BPDs observed by C/NOFS satellite during 504 

2008-2012. The blue lines show the AE index. 505 

 506 

Figure 4. Seasonal variation of BPDs in (a) June solstice, (b) December solstice, (c) equinox. 507 

The red lines indicate the 10.7 cm solar radio flux. 508 

 509 

Figure 5. Median vertical plasma drifts over Jicamarca during June solstice (May, June, July, 510 

and August), December solstice (November, December, January, and February), and equinox 511 

(March, April, September, and October) for solar minimum and moderate flux conditions. The 512 

error bars denote upper and lower quartile of the median values. The left and right panel indicate 513 

median vertical plasma drift in solar minimum (2008-2009) and solar moderate (2011-2012), 514 

respectively. The number of data points is given at the top of each panel. 515 

 516 

Figure 6. Longitudinal variation of BPDs. 517 
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 519 

Figure 1. Examples of automatic BPDs search process in the C/NOFS satellite data. (a) In-situ 520 

measurements of plasma density. The red solid line represents the background density. (b) The 521 

difference between the logarithm of the plasma density and logarithm of the background density. 522 

(c) The absolute values of the results in Figure 1b. The red dashed line represents the threshold 523 

value. (d) Results considered the threshold value. (e) The final processed BPDs. 524 
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Figure 2. Statistical distribution of the occurrence of BPDs as a function of (a) local time, (b) 532 

magnetic latitude, (c) the Kp index, and  (d) apex altitude, when BPDs were automatically 533 

searched in the C/NOFS data from June 2008 to December 2012. Blue and green bars indicate 534 

the occurrence rates of the postmidnight PBDs and the premidnight BPDs, respectively. 535 
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 547 

Figure 3. Monthly distribution of occurrence rate of BPDs observed by C/NOFS satellite during 548 

2008-2012. The black dashed lines show the AE index. 549 
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 551 

Figure 4. Year-to-year variation of BPDs in (a) June solstice, (b) December solstice, (c) equinox. 552 

The red dashed lines indicate the 10.7 cm solar radio flux. 553 
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 558 

Figure 5. Median vertical plasma drifts over Jicamarca during June solstice (May, June, July, 559 

and August), December solstice (November, December, January, and February), and equinox 560 

(March, April, September, and October) for solar minimum and moderate flux conditions. The 561 

error bars denote upper and lower quartile of the median values. The left and right panel indicate 562 

median vertical plasma drift in solar minimum (2008-2009) and solar moderate (2011-2012), 563 

respectively. The number of data points is given at the top of each panel. 564 
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 574 

Figure 6. Longitudinal variation of BPDs. 575 
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