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Key Points: 33 

Using in-situ measurements of the electron density from Arase and RBSP, we 34 

mailto:obana@osakac.ac.jp


estimated the density distribution along magnetic field lines. 35 

The power-law index of the electron density distributions was 6~8, ~0 and -2~-1 36 

for the trough, plume and partially refilled plasmasphere, respectively. 37 

This is the first estimation of the power-law index using the data from 38 

different spacecraft projects. 39 

 40 

Plain Language Summary 41 

The plasmasphere is the region filled with cold, dense ionized gas in geospace. 42 

The ionized gas mainly consists protons, helium ions, oxygen ions and electrons, which 43 

come from Earth’s ionosphere and fill magnetic flux tubes. The density distribution 44 

of the ionized gas along the flux tube provides important information to understand 45 

how the ions and electrons have been supplied from the ionosphere. Many satellites 46 

fly in the equatorial plane, hence, do not provide information on the electron density 47 

along the field. The RBSP and the Arase satellites have different inclinations and 48 

sometimes they simultaneously fly near the equator and off the equator on the same 49 

magnetic field line. Using electron densities observed by these satellites during 50 

the 7 Sep 2017 storm, we successfully estimated the electron density distribution 51 

along of the field lines inside the partially refilled plasmasphere, outside of the 52 

plasmasphere and in the tail-like structure called a plume. 53 

 54 

Abstract 55 

The RBSP and the Arase satellites have different inclinations and sometimes they 56 

fly both near the equator and off the equator on the same magnetic field line, 57 

simultaneously. Such conjunction events give us opportunities to compare the electron 58 

density at different latitudes. In this study, we analyzed the plasma waves observed 59 

by Arase and RBSP-A or B during the three conjunction events during and after the 60 

7 Sep 2017 storm event. The electron number density at the satellite positions were 61 

estimated from frequencies of the UHR emissions obtained by the HFA/PWE onboard the 62 

Arase and the Waves instrument onboard RBSP, respectively. During the three 63 

conjunction events, the satellites passed through the plume, inner trough (the narrow 64 

region with low electron density between main body of the plasmasphere and the plume), 65 

plasmatrough with variable electron density, and partially-refilled plasmasphere. 66 

The power-law index m for the inner trough and plume was inferred to be 6~8 and ~0, 67 

respectively. This is interpreted to mean that the trough was close to collisionless 68 



and the plume was near diffusive equilibrium. In the plasmatrough with the varying 69 

density, both the high-density and low-density regions had m~0. The low-density 70 

portion of this region may have a different origin from the inner trough, because 71 

of the different m-indices. For the partially-refilled plasmasphere in the storm 72 

recovery phase, the power-law index m showed negative values, meaning that the density 73 

in the equatorial plane was higher than at higher latitudes.  74 

 75 

1. Introduction 76 

The plasmasphere is a region in the inner magnetosphere filled with cold, dense 77 

plasma from the underlying ionosphere, and the field-aligned profile of its density 78 

attracts much interest, because it reflects the physical processes of mass transport 79 

from the source region. For example, when the very simple power law model 80 

𝑛 = 𝑛𝑒𝑞 (
𝐿𝑅𝐸

𝑅
)

𝑚

 

is used, where neq is the density on the equatorial plane, L is the magnetic L-shell 81 

parameter, RE is Earth radius, R is geocentric distance to the observation point and 82 

m is the power-law index.  The density profile for diffusive equilibrium is closed, 83 

having a low-m (m=0.5~1) power law distribution, whereas, the density profile for 84 

collisionless plasma corresponds to high-m (m~4) power law distributions (Eviatar 85 

et al., 1964; Angerami and Carpenter, 1966; Takahashi et al., 2004).  86 

We have, however, few opportunities to investigate the field aligned profile 87 

of plasma density from actual observational data. Previous studies have been done 88 

using (i) in-situ measurements of electron density from plasma wave data by polar 89 

orbiting spacecraft (e.g., Goldstein et al., 2001; Denton et al., 2002; Sandhu et 90 

al., 2016), (ii) passive remote sensing of electron density with whistler waves (e.g., 91 

Angerami and Carpenter, 1966), (iii) passive remote sensing of plasma mass density 92 

with harmonic frequencies of standing Alfven waves in the ultra-low frequency (ULF) 93 

range (e.g., Takahashi et al., 2004; Denton et al., 2009), (iv) active remote sensing 94 

of electron density by the radio plasma imager (RPI) onboard the Imager for 95 

Magnetopause-to-Aurora Global Exploration (IMAGE) satellite (Reinisch et al., 2001; 96 

Huang et al., 2004).  97 

Goldstein et al. (2001) used the electron density measurements of the Polar 98 

satellite and obtained a power-law index of m = 0.37 ± 0.8 for high density regions 99 

(ne >100/cc) and 1.7 ± 1.1 for low density regions (ne <100/cc). Denton et al. (2002) 100 

used same data set as Goldstein et al. (2001) and estimated a power-law index of 1.6–101 

2.1 for the plasmatrough. Takahashi et al. (2004) estimated the power-law index of 102 



the plasma mass density and found that m ~ 0.5 at 4<L<6, which is consistent with 103 

a diffusive equilibrium solution. On the other hand, no single value of m fit the 104 

average observed frequency ratios at 6<L<7, and the theoretical solutions indicated 105 

that the mass density was peaked at the equator. The subsequent studies by Denton 106 

et al. (2009) and Sandhu et al. (2016) analyzed Cluster data and showed that the 107 

electron density also had a local maximum in density near the equator in the 108 

plasmatrough. As described above, many results have been obtained in which both 109 

electrons and ions have had a density distribution close to diffusion equilibrium 110 

as long as they have been in the high-density region in the plasmasphere. Also, in 111 

high L-shell regions with low density, power-law indices m have had larger values 112 

or have not tended to take a specific value, which implied that there may have been 113 

a local maximum in density near the equatorial plane. 114 

In recent years, the exploration of the inner magnetosphere has entered the 115 

multi-point observation era with satellites flying in formation. In order to obtain 116 

a comprehensive understanding of the acceleration, transport, and loss of 117 

relativistic electrons in the radiation belts, cross‑energy coupling of the inner 118 

magnetospheric plasma has been of prime interest. (Miyoshi et al., 2016; 2018a). To 119 

understand the detailed cross‑energy coupling processes, it is necessary to know all 120 

parameters that contribute to the coupling. Despite the fact that the plasmasphere 121 

is the lowest energy population in the inner magnetosphere, it is also important, 122 

because it dominates the background plasma environment which controls wave dispersion 123 

and resonance conditions. Moreover, the latitudinal distribution of plasma density 124 

significantly controls propagations of plasma waves. 125 

In this paper, we show simultaneous measurements of the plasma density along 126 

the same magnetic field by proposing a new method for examining the density profile 127 

along the magnetic field lines of plasma electron density at Arase (Exploration of 128 

energization and Radiation in Geospace: ERG) satellite (Miyoshi et al., 2018a) and 129 

Van Allen probes (the Radiation Belt Storm Probes: RBSP, Mauk et al., 2013) era. We 130 

estimate the power-law index of three events during and after the 7 September 2017 131 

storm event using in-situ measurements of the electron number density from Arase and 132 

RBSP whose orbits have different inclinations. This gives instantaneous information 133 

about the density profile along field lines. Thus, it provides an opportunity to 134 

capture dynamic changes of the plasmasphere during magnetic storms. 135 

 136 

2. Simultaneous Observations by Arase and RBSP-B 137 

2.1. Satellite orbits 138 



Figure 1 shows the positions of Arase (the red line with circles) and RBSP-B (the 139 

blue line with triangles) in the L-value-Magnetic Local Time (MLT) plane (top) and 140 

L-value-Magnetic Latitude plane (bottom) during the conjugate event on 8 Sep 2017 141 

when the spacecraft pass the same L-value (L = 3.3–4.1). The exact time of the two 142 

orbits are indicated in the top panel. The small circles and triangles on the orbits 143 

respectively indicate every five-mins positions of Arase and RBSP-B. The L-value, 144 

MLT and magnetic latitude of the satellites were calculated by using 145 

Olson-Pfitzer-Quitet (OPQ 77) magnetic field model (Olson and Pfitzer, 1977), and 146 

the L-value is McIlwain L-parameter (McIlwain, 1961) for particles with a pitch angle 147 

of 90 degrees. Their orbits seem to cross in the afternoon sector. In fact, the 148 

difference of MLT and UT comparing at the same L-values are less than 0.5 hr and 15 149 

mins, respectively. Such a conjunction event provides a good opportunity to compare 150 

the electron density between the two different latitudes due to the difference of 151 

inclinations of Arase and RBSP. As shown in the bottom panel of Figure 1, Arase was 152 

~10 degrees higher in latitude than RBSP-B. 153 

 154 

2.2. Evolution of the Plasmasphere during the 7 Sep 2017 Storm Event 155 

The top and middle panels of Figure 2 respectively display temporal variations 156 

of the Kp and SYM-H indices during the interval of 6–10 Sep 2017. They indicate that 157 

a magnetic storm with two main phases commenced around 0 UT on 8 Sep and disturbances 158 

continued for approximately 30 hrs, followed by a gradual recovery phase. This storm 159 

has been considered to be a CME (coronal mass ejection)-driven storm. The blue, green, 160 

black and magenta bars in the middle panel indicate the time intervals when the 161 

electron density, shown in the bottom panel of this figure were observed. The event 162 

numbers in parentheses are the event numbers defined in Sections 2-3, 2-4 and 2-5. 163 

A detailed description of the plasmaspheric dynamics during this storm event is 164 

given by Obana et al. (2019), therefore, here we give only a brief description. The 165 

bottom panel of Figure 2 shows L-value distribution of electron density obtained by 166 

the Arase observations. The exact times are given in the panel. The blue line (0) 167 

indicates a plasmasphere which spreads to L ~5 before the storm. The green line (1) 168 

shows that the plasmasphere has eroded to L=2.5 during the second main phase. In L 169 

>3 of the green line profile, the density shows jagged structures. It implies that 170 

the satellite was in the plasmatrough with variations in electron density. In black 171 

(2), the plasmasphere has been extremely eroded and the plasmapause reached around 172 

L = 1.6–1.7. An isolated increase in density appears to be a plume at L = 3.4–4.3. 173 

The magenta line (3) was obtained two days after the magnetic storm entered the second 174 



recovery phase, and the eroded plasmasphere has partially refilled. 175 

 176 

2.3. Event #1: 23:20 UT on 8 Sep 2017 177 

Figure 3 shows the plasma wave observations from Arase and RBSP-B and locations 178 

of the satellites during 23:20 UT on 8 Sep – 00:10 UT on 9 Sep 2017. Figure 3a is 179 

the plasma wave spectrogram for the electric field in the frequency range of 10–400 180 

kHz measured by the onboard frequency analyzer (OFA) and the high-frequency analyzer 181 

(HFA) of the Plasma Wave Experiment (PWE) (Kasahara et al., 2018; Kumamoto et al., 182 

2018). The clear emissions of the Upper Hybrid Resonance (UHR) waves is identified 183 

by the white line and arrow. The UHR frequency was decreasing gradually from 300 to 184 

100 kHz during 23:20–23:48 UT because Arase was in an outbound pass, and then suddenly 185 

jumped up to ~150 kHz at 23:49 UT. This implies that the satellite passed the boundary 186 

between the low- and high-density regions, which correspond to the inner trough and 187 

plasma plume, respectively. 188 

Figure 3b shows the plasma wave spectrogram for electric fields for RBSP-B. These 189 

data were measured by the Electric and Magnetic Field Instrument Suite and Integrated 190 

Science (EMFISIS) Wave instrument (Kletzing et al., 2013). The UHR waves can be seen 191 

as indicated by the white line and arrow and its frequency gradually increased since 192 

RBSP-B was in an inbound pass. Its frequency raised in stepwise fashion at 23:21 UT 193 

and decreased around 23:50 UT. This implies that the satellite passed the plume and 194 

came into the inner trough around 23:50 UT. 195 

   Figure 3c–e respectively show the L-value, MLT and magnetic latitude of Arase 196 

(the red line) and RBSP-B (the blue line). They are calculated using the OPQ77 magnetic 197 

field model, because this time interval is in the recovery phase of the storm. The 198 

thick parts of the lines indicate each value as the satellites passed L=3.3–4.1. In 199 

this L-value range, the two satellites passed the points with same L-values with time 200 

differences of less than 30 mins. The differences in MLT between Arase and RBSP-B 201 

were less than 0.5 hr. Due to the difference of inclinations, the magnetic latitudes 202 

of Arase were ~10 degrees higher than that of RBSP-B. 203 

From the upper-limit frequency of the UHR waves (fUHR), the electron density ne along 204 

the spacecraft orbit is estimated using the following equation 205 

𝑛𝑒 =
𝑓𝑈𝐻𝑅

2 − 𝑓𝑐𝑒
2

89802
 , 

where fce is the electron cyclotron frequency. The densities and frequencies are 206 

expressed in cubic centimeters and in hertz, respectively. In this paper, the local 207 

fce was calculated from the spin average total magnetic field intensity measured by 208 



the Magnetic Field Experiment (MGF) instrument (Matsuoka et al., 2018) onboard Arase 209 

or the EMFISIS magnetometer onboard RBSP. 210 

The upper panel of Figure 4 shows the electron number density profiles as a function 211 

of L. A density jump can be seen around L~3.45 in the Arase observations (red) and 212 

around L~3.57 in the RBSP-B observations (blue), respectively. These jumps correspond 213 

to the boundary between the inner trough and plume. The difference in the L-values 214 

of the boundaries between Arase and RBSP-B may be due to the difference of MLT of 215 

the satellites.  216 

Interestingly, the two satellites differed in magnetic latitude by as much as 10 217 

degrees, but in the plume, ne shows similar values at same L-values. That is, the 218 

density of the plume seems to be almost uniform at least in the magnetic latitude 219 

range of 10–30º. Whereas in the inner trough, the ne at higher latitudes (Arase) is 220 

higher. That is, the ne changes rather steeply along the field line. 221 

Assuming a power-law density distribution as function of geocentric distance, the 222 

power-law index m can be calculated as  223 

𝑚 = −
ln(𝑛𝑒1 𝑛𝑒2⁄ )

ln(𝑅1 𝑅2⁄ )
 

and shown in the lower panel of Figure 4. Where the subscripts “1” and “2” indicate 224 

values for satellites #1 and #2. For this calculation, moving averages of ne with a 225 

0.05 of window width in L-value were used. The m index is plotted in the panel only 226 

if both relative standard deviations (the ratio of the standard deviation to the 227 

average) of ne of Arase and RBSP-B in the window are less than 25 %. The m indices 228 

were 4 to 7 and -3 to 0 in the inner trough and plume, respectively. These are indicated 229 

in the lower panel of Figure 4. 230 

 231 

2.4. Event #2: 14:15 UT on 8 Sep 2017 232 

Figure 5 shows the plasma wave observations and locations of Arase and RBSP-B 233 

during the interval 14:15–15:05 UT on 8 Sep 2017, in the same format as Figure 3, 234 

but L-value, MLT and magnetic latitude are calculated using the Tsyganenko 2004 storm 235 

time model (T04s, Tsyganenko and Sitnov, 2005), because this period is in the second 236 

main phase of the storm. The clear emissions of the UHR waves are found as shown by 237 

the white lines and arrows. The UHR frequency fluctuates with the time scale of the 238 

range from 1 to 10 min. The timing of the fluctuations seems to be inconsistent between 239 

the two satellites, thus, it is surmised that this change in frequency does not reflect 240 

the time change of the electron density, but reflects the spatial variation. As shown 241 

in Figure 2, this observation is during the second main phase, with a plasmapause 242 



seen at L=2.5, thus, the fluctuations of fUHR shown in Figure 5 implies existence of 243 

small-scale structures in the plasmatrough. 244 

Results showing this expectation are given in Figure 6. The upper panel of Figure 245 

6 shows the electron number density profiles as a function of the McIlwain’s 246 

L-parameter calculated using the T04s model during Event #2. At least between L = 247 

3.3 and 3.9, the changes in electron density observed by Arase and RBSP-B seem to 248 

be correlated. 249 

Using ~10 degrees as the difference in magnetic latitudes (Figure 5e), the m index 250 

was calculated as shown in the bottom panel of Figure 6. In both the high- and low- 251 

density regions, the derived m index has small values (typically ~0). Obviously, the 252 

very large negative values for L>3.9 are meaningless, because the fluctuations in 253 

electron densities observed by Arase and RBSP-B are not correlated each other in this 254 

region.  255 

 256 

2.5. Event #3: 13:40 UT on 10 Sep 2017 257 

The third event is a conjunction of Arase and RBSP-A, during the interval of 13:40–258 

14:30 UT on 10 Sep, in the recovery phase of the storm. Figure 7 (same format as Figure 259 

3) shows a simple picture of emission. The fUHR observed by Arase gradually decreased 260 

from 200 to 70 kHz, and those observed by RBSP-A gradually increased from 100 to 200 261 

kHz. This corresponds to the gradual electron density gradient with distance. The 262 

time of this event is about two days after the commencement of the second recovery 263 

phase, thus the observations depict the density profiles of a partially refilled 264 

plasmasphere (Figure 2). 265 

Figure 8 shows the ne obtained by Arase and RBSP-A observations (upper) and the 266 

inferred m index (bottom) in the same format as Figure 4. Interestingly, the electron 267 

density observed by RBSP-A was higher than that by Arase, despite RBSP-A being at 268 

a lower latitude. Because plasmaspheric plasma is supplied from the underlying 269 

ionosphere, the density is usually lower in near the equator. However, our results 270 

suggest a profile opposite to this. The bottom panel of Figure 8 shows m index, which 271 

has negative values due to the higher electron density near the equator. 272 

 273 

3. Discussion. 274 

3.1. Accuracy and coverage of this study 275 

The three conjunction events shown in this study have <45 mins difference in UT 276 

and <1 hr difference in MLT when the two satellites cross flux tubes with same L-value. 277 

The L-value includes an uncertainty of 0.05 derived from the window width used for 278 



the moving average of ne. 279 

Comparing to previous studies, IMAGE-RPI sounding takes only two minutes to make 280 

one survey (Song et al., 2005). On the other hand, studies using polar orbiting 281 

satellites, take several hours until the satellite passes two points of the flux tube 282 

with the same L-value (Goldstein et al.,2001). Our surveys have time accuracies 283 

intermediate to those studies. 284 

Next, we compare our time accuracies with the time scale of dynamic changes of 285 

the plasmasphere. According to Obana et al. (2010), the refilling rates at L = 3.8 286 

were estimated to be 13 amu/cm3/hr, so assuming that all the ions are protons, the 287 

electron density will increase 10/cm3 in 45 mins. Even in low-density regions (ne~100 288 

/cm3), this is only a 10% increase in density. On the other hand, Goldstein et al. 289 

(2003) investigated images of the He+ plasmasphere taken by the IMAGE-EUV camera and 290 

reported that the nightside plasmapause had moved inward by ~2 RE in 3 hrs during the 291 

erosion. In such a case, density changes more quickly, and thus, more precise 292 

conjunctions (with shorter time differences) will be required. 293 

The difference in MLT must be considered when structures that change in both radial 294 

and azimuthal directions, like the plume, are considered. In fact, as shown in Figure 295 

4, the position of the inner edge of the plume observed by Arase and RBSP were displaced 296 

by 0.12 RE. This may be due to the difference in MLT. 297 

The coverage of magnetic latitudes should also be considered. The satellites used 298 

in this study explore magnetic latitudes of < 30 degrees (Arase) and <10 degrees (RBSP). 299 

Note that the m indices presented in this study do not represent the entire magnetic 300 

field line, but only in this range. 301 

 302 

3.2. Power-law index for the inner trough and the plume 303 

In Event #1, the power-law index shows respectively m >4 at L=3.3–3.4 (inner 304 

trough), and m ~0 at L=3.6–4.1 (plume). This is interpreted as the inner trough being 305 

close to collisionless and the plume being near diffusive equilibrium. Previous 306 

studies explained that the plume and inner trough are formed by the convection electric 307 

field which cause sunward motion of the plasma, the subsequent corotation and the 308 

subauroral polarization stream (SAPS) electric field. Based on this idea, the plumes 309 

originate in the main body of the plasmasphere and inner troughs originate in the 310 

low-density region (so-called outer trough) after the plasmasphere shrank. Our 311 

results do not conflict with this model. 312 

 313 

3.3. Negative power law index in the partial refilling region 314 



In Event #3, power-law index m shows negative values, meaning that the density 315 

in the equatorial plane is higher than off the equator. The plasmaspheric density 316 

is generally higher closer to Earth. This reflects that the plasma is of ionospheric 317 

origin. However, the electron density in Event #3 shows the opposite features. How 318 

can these results be explained? 319 

The period of Event #3 is about two days after of the commencement of the second 320 

recovery phase, and the flux tubes had been partially refilled. When the upper 321 

ionosphere comes into the sunlight, plasma is supplied through photoionization. So, 322 

if the length of time after sunrise is different between the flux tubes at Arase and 323 

RBSP, the density may be different. However, as shown in Figure 7d, the MLT is almost 324 

same for each L-shells, this effect seems unlikely. 325 

Another possibility is the time difference from the end of the main phase. As 326 

shown in Figure 7c, the time differences between when the two satellites cross the 327 

same L-shells are 0–45 mins. According to the estimate in section 3.1, ne can increase 328 

0–10/cm3 for such intervals. This effect is too small to interpret the high ne at the 329 

equator. So, we conclude that this difference in density was real, and that there 330 

was an increase in density near the equator. Sandhu et al. (2016) statistically 331 

analyzed Cluster data and found that the electron density had a localized increase 332 

in density near the equator of the plasmatrough. Perhaps even in the partially refilled 333 

plasmasphere, the increase in density near the equator may be a common phenomenon. 334 

This is an important issue for future research. 335 

 336 

3.4. Application for the Remote Sensing Plasma Mass Density  337 

Standing field line resonances (FLRs) in the ULF frequency range are ubiquitous 338 

in the magnetosphere, and the frequency of FLRs (fFLR) provides an opportunity to 339 

remotely sense the plasma mass density (e.g., Obayashi and Jacobs, 1958; Kitamura 340 

and Jacobs, 1968). The procedure for estimating the plasma mass density from the fFLR 341 

is to (i) obtain the fFLR from the observation data, (ii) choose a suitable magnetic 342 

field model, (iii) select a suitable model for the variation of the plasma mass density 343 

along the field line, and (iv) solve the FLR wave equation for the plasma mass density. 344 

However, there is very little information about the variation of the density along 345 

the field line. Our analysis method makes it possible to obtain this information in 346 

the Arase-RBSP era and contributes to the improvement of the accuracy of mass density 347 

estimates from the fFLR. 348 

 349 

4.  Summary 350 



Using plasma waves observed by Arase and RBSP-A and B, we estimated the power-law 351 

index m for the field-aligned distributions of ne for flux tubes at L=3.3–4.1. During 352 

and after the 7 Sep 2017 storm event, three conjunction events were studied, in which 353 

differences of MLT and UT were respectively <1 hr and <45 mins. In the plume, ne had 354 

comparable values at the higher and the lower latitudes, and the m index was estimated 355 

to be ~0. This density profile is expected for diffusive equilibrium. On the other 356 

hand, in the inner trough, ne off the equator was higher than that at near equator, 357 

and the m index was estimated as 4–7. Plasma in this region seems to be collisionless. 358 

When the satellites were in the plasmatrough with variable ne, values of ne off the 359 

equator and near the equator were similar; the m index was estimated to be ~0 for 360 

both high- and low-density regions. This implies that the plasma transport process 361 

might be different between the low-density regions in the variable density structure 362 

and the inner trough. In the partially refilled plasmasphere, ne near the equator was 363 

higher than off the equator. This suggests the existence of plasma concentration 364 

around the equator. 365 

 366 
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Figure Captions 382 

Figure 1.  The positions of Arase (red line) and RBSP-B (blue line) during the interval of 23:30–383 

24:00 UT on 8 Sep 2017 in the L-value- Magnetic Local Time (MLT) plane (top) and L 384 

value-Magnetic latitude plane (bottom). The top panel shows exact times of each of the orbits. The 385 

small circles and triangles on the orbits respectively indicate positions every five mins of Arase and 386 

RBSP-B. Their orbits cross in the afternoon sector. In fact, the difference of MLT and UT comparing 387 

at the same L-values are less than 0.5 hr and 15 mins, respectively. Such a conjunction event a gives 388 

significant opportunity to compare the electron density between the two different latitudes due to the 389 

difference of inclinations of Arase and RBSP. 390 

 391 

Figure 2. This figure shows the overall picture of the 7 Sep 2017 storm event and Arase observations 392 

shown in this paper. The temporal variations of the Kp and SYM-H indices during the interval from 393 

6–10 Sep 2017 are shown in the top and middle panels, respectively. The blue, green, black, and 394 

magenta bars in the middle panel indicate the time intervals when the electron densities shown in the 395 

bottom panel were observed. The event numbers in parentheses are the event numbers defined in 396 

Sections 2-3, 2-4 and 2-5. Arase observations of cold electron density profiles as a function of the 397 

McIlwain L-parameter are shown in the bottom panel. The exact times of each observation are 398 

provided within the panel. All observations are from outbound orbits. Blue (0): expanded 399 

plasmasphere before the storm, extending to L=4.8–5.0. Green (1): the plasmapause pushed further 400 

earthward at L=2.5 immediately after the second main phase. Black (2): the severely eroded 401 

plasmasphere with the plasmapause being pushed even further at L=1.6–1.7. Magenta (3): partial 402 

recovery of the severely eroded plasmasphere at 1.5 days after density profile #2 (black). 403 

 404 

Figure 3.  Spectrograms of radio and plasma waves obtained by Arase (a) and RBSP-B (b) from 405 

23:20 UT on 8 Sep to 00:10 UT on 9 Sep 2017. In both panels, narrow-banded UHR waves are 406 

clearly found and indicated by the white lines and arrows. In 3a, the UHR frequency was decreasing 407 

gradually from 300 to 100 kHz during 23:20–23:48 UT because Arase was in an outbound pass, and 408 

then suddenly jumped up to ~150 kHz at 23:49 UT. This implies that the satellite passed the 409 

boundary between low- and high-density regions, which correspond to the inner trough and plasma 410 

plume, respectively. In 3b, The observation time is divided into a period showing the high UHR 411 

frequency before 23:52 UT and a period showing a low UHR frequency after 23:52 UT. Each 412 

corresponds to the times the satellite flying into the high-density plume and the low-density inner 413 

trough. The lower three panels show L-value (c), magnetic local time (MLT) (d), and magnetic 414 

latitudes (e) of Arase and RBSP-B. They are calculated using the Olson-Pfitzer-Quitet (OPQ 77) 415 

magnetic field model (Olson and Pfitzer, 1977). The thick portion of the lines indicate the position of 416 

the satellite orbits when their L-values are in the range of L=3.3–4.1. The time is 23:46–23:59 UT 417 



for Arase and 23:31–24:00 UT for RBSP-B. 418 

 419 

Figure 4.  (top) L-value profile of the electron density inferred from fUHR using the plasma wave 420 

observations during 23:30–24:00 UT on 8 Sep 2017. The red and blue dots indicate Arase and 421 

RBSP-B observations, respectively. (bottom) L-value profile of the power-law index m (defined in 422 

Section 2.3) which is estimated using differences of electron density and magnetic latitude between 423 

Arase and RBSP-B. 424 

 425 

Figure 5.  Spectrograms of radio and plasma waves obtained by Arase (a) and RBSP-B (b), 426 

L-value (c), magnetic local time (MLT) (d) and magnetic latitude (e) of Arase and 427 

RBSP-B during 14:15–15:05 UT on 8 Sep 2017. The locations of the satellites are 428 

computed by using the Tsyganenko 2004 storm model. The format of this figure is same 429 

as that of Figure 3. The UHR frequency fluctuates with a time scale in the range from 430 

1 to 10 mins. This observation is during the second main phase, with the plasmapause 431 

seen at L=2.5, thus, the fluctuations of fUHR imply existence of small-scale structures 432 

in the plasmatrough. 433 

 434 

Figure 6.  (top) L-value profiles of the electron density inferred from fUHR using the plasma wave 435 

observations during 14:15–15:05 UT on 8 Sep 2017. The red and blue dots indicate Arase and 436 

RBSP-B, respectively. (bottom) L-value profile of the power-law index m which is estimated using 437 

differences of electron density and magnetic latitude between Arase and RBSP-B. Between L=3.3 438 

and 3.9, the changes in electron density observed by two satellites seems to be correlated, thus the m 439 

index ~0 in both the high- and low-density regions. 440 

 441 

Figure 7.  Spectrograms of radio and plasma waves obtained by Arase (a) and RBSP-B (b), L-value 442 

(c), magnetic local time (MLT) (d), and magnetic latitude (e) of Arase and RBSP-B during 13:40–443 

14:30 UT on 10 Sep 2017. The locations of the satellites are computed using OPQ 77 model. The 444 

format of this figure is same as that of Figure 3. The fUHR observed by Arase (RBSP-A) gradually 445 

decreased (increased). This corresponds to the gradual electron density gradient with distance in the 446 

plasmasphere. 447 

 448 

Figure 8.  L-value profiles of the electron density and the power-law index m during 13:40–14:30 449 

UT on 10 Sep 2017. The format of this figure is same as that of Figure 4. Due to the limits of the 450 

frequency resolution of the spectrogram shown by Figure 7b, the RBSP-B observations are aligned 451 

in a stepped shape. The time of this event is about two days after the commencement of the second 452 

recovery phase of the storm, thus the observations depict the density profiles of a partially refilled 453 



plasmasphere. The negative values of m index indicate higher electron density at near the equator 454 

than that off the equator. 455 

 456 
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