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Materials and Methods 15 

Particle Observations 16 

In this study, the energy spectrum observations are from the Magnetic Electron Ion 17 

Spectrometer (MagEIS) and Relativistic Electron and Proton Telescope (REPT) instruments on 18 

the Van Allen Probes. NASA’s Van Allen Probes, launched on 30 Aug 2012, operate in an 19 

elliptical orbit with an inclination of 10° and altitude of ~ 600 km × 5.8 RE. With the spin axis 20 

approximately pointing to the Sun, the spacecraft spins with a period of ~11 s, which provides 21 

adequate pitch angle coverage during most times. 22 

MagEIS instruments on Van Allen Probes provide energetic electron flux measurements with 23 

an energy range of ~30 - 4000 keV. It contains four independent magnetic electron spectrometers 24 

on each spacecraft: one low energy spectrometer, two medium energy spectrometers, and one high 25 

energy spectrometer. In this study, we use the electron flux data from low and medium energy 26 

units of MagEIS (with an energy range of ~30 - 900 keV). MagEIS electron background-corrected 27 

data are preferentially used in our study, for which the contaminations from inner belt protons and 28 

bremsstrahlung radiation have been removed32; the uncorrected data are only used for the time 29 

period when the background-corrected data are unavailable. For MagEIS medium energy units 30 

(~230 – 900 keV), background-corrected data are mostly available; for MagEIS low energy units 31 

(~30 – 180 keV), at L<4 the background-corrected data are almost always available, while at L>4 32 

mostly uncorrected data are used. It is worth noting that MagEIS high unit data are not used in our 33 

study mainly because of its small geometric factor and thus relatively large uncertainties compared 34 

to REPT measurements, as well as small calibration differences between MagEIS and REPT 35 

instruments. Also, MagEIS high unit on the Van Allen Probes – A can only provide two more 36 

energy channels of background-corrected data (~1.6 MeV and ~1.7 MeV) during the studied time 37 

periods, which therefore has small influence on our current results. 38 

REPT instruments, each consisting of a stack of silicon solid-state detectors, provide high-39 

quality measurements of relativistic electrons with energy from ~1.8 MeV to >20 MeV. In this 40 

study, we use the electron flux data with energies from ~1.8 MeV to ~10 MeV. 41 

The L-shell used in this study is McIlwain L33 in the Olson and Pfitzer 1977 Quiet (OP77Q) 42 

magnetic field model34. 43 

 44 

Bump-On-Tail (BOT) Energy Spectrum: Identification, Characterization, and Uncertainties 45 
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An example of bump-on-tail energy spectrum is shown in Fig. S1 as measured by MagEIS 46 

and REPT instruments on the Van Allen Probes – A on 29 March 2015. For a specific energy 47 

spectrum, if a flux maximum and a flux minimum can be identified with the corresponding energy 48 

of flux maximum greater than that of flux minimum, and the ratio of flux maximum to minimum 49 

is greater than 3, then this energy spectrum is identified as a BOT spectrum. Fig. S1 also shows 50 

the electron flux measurements from MagEIS high energy spectrometer (grey cross signs). The 51 

agreement between REPT and MagEIS high energy spectrometer is quite good. By defining BOT 52 

with flux ratio greater than 3, the small residual calibration difference between MagEIS and REPT 53 

electron measurements is unlikely to influence the identification of BOT electron energy spectrum. 54 

More detailed cross-calibration between MagEIS and REPT instruments has been done. The 55 

results suggest that good agreements between MagEIS and REPT measurements exist at energies 56 

~ 1.8 – 2.6 MeV, and the differences between the measurements of the two instruments are mostly 57 

within a factor of 2 – 3. This, again, suggests that this small residual calibration difference between 58 

MagEIS and REPT is unlikely to affect the identification of BOT energy spectrum. 59 

The uncertainties in MagEIS and REPT data and their effects on the BOT energy spectra 60 

identification are also examined. Fig. S2 shows examples of BOT energy spectra with error bars 61 

using data from MagEIS and REPT on the Van Allen Probes – A at three time points on 29 March 62 

2015. It shows that REPT data usually have small uncertainties, while MagEIS data could have 63 

large uncertainties when the electron fluxes were low (as those near the flux minimum in BOT 64 

energy spectrum). However, note that such uncertainties have little influence on the existence and 65 

identification of BOT energy spectra: even including such uncertainties the reversed energy 66 

spectra can still be clearly seen. These uncertainties may affect the identification of energy of flux 67 

minimum in BOT energy spectrum; however, as shown in Fig. S2, this is unlikely to affect the 68 

conclusion that the energy of flux minimum in BOT energy spectrum decreases with increasing 69 

L-shell. Thus, though the energy of flux minimum has some uncertainties, our main conclusion 70 

about the dependence of energy of flux minimum on L-shell and its consistency with hiss wave 71 

scattering remain valid. 72 

Using electron data from the Van Allen Probes – A during the entire year of 2015 and the 73 

identification method described above, the occurrence frequency of BOT energy spectra is 74 

calculated in grids of 0.1 L-shell and 1 day, and the minimum plasmapause location across all 75 

magnetic local times is also calculated using the empirical plasmapause model11 (Fig. 2B). The 76 
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energy of flux maximum, energy of flux minimum, and the ratio of flux maximum to minimum 77 

are also shown in Fig. 2C - 2E. Note that due to an energy gap in our energy spectra (~1 – 1.8 78 

MeV), the energy of flux maximum is mostly identified to be 1.8 MeV; however, the actual energy 79 

of flux maximum could be somewhere between 1 and 1.8 MeV though the energy resolution in 80 

the data is not high enough to clearly show it. Similarly, the ratio of flux maximum to minimum 81 

also has some uncertainties due to the energy resolution as well as the small calibration difference 82 

between MagEIS and REPT instruments, but the uncertainties are expected to be small and 83 

probably indiscernible in Fig. 2E since the plot is in logarithm scale. 84 

The statistics of BOT energy spectra during the year of 2016 and 2017 is also shown in Fig. 85 

S3 and S4. Compared to the year of 2015, during 2016 and 2017 more geomagnetic storms were 86 

driven by the corotating interaction regions (CIR) rather than coronal mass injections (CME), 87 

while the BOT energy spectrum is still the most prevalent type of energy spectra inside the 88 

plasmasphere at L>~2.6 regardless of the solar wind driver. And the characteristics of BOT energy 89 

spectra in 2016 and 2017 are quite similar to those in 2015: the energies of flux maximum and 90 

minimum are higher at lower L-shells, consistent with the hiss wave scattering, and the ratio of 91 

flux maximum to minimum is ~ 10 – 100. 92 

Note that though the main results we showed in Fig. 1 and 2 are based on spin-averaged 93 

electron fluxes, the BOT energy spectra actually exist for electrons with a wide range of equatorial 94 

pitch angles. Fig. S5 shows the energy spectra evolution of electrons with equatorial pitch angles 95 

of 30° and 60° at L=3.0, 3.5, and 4.0 during 20 – 30 March 2015, using pitch-angle-resolved data 96 

from the Van Allen Probes – A and mapping the observations to the geomagnetic equator using 97 

OP77Q model. It clearly shows that the BOT energy spectra generally exist for electrons with 98 

different equatorial pitch angles. 99 

 100 

Phase Space Density Spectrum on March 29, 2015 101 

The bump-on-tail (BOT) energy spectra developed inside the plasmasphere during the 102 

recovery phase of March 2015 storm (Fig. 1, F to H). We also calculate the electron phase space 103 

densities (PSD) using OP77Q magnetic field model during this time period and examine them at 104 

four fixed pairs of the second and third adiabatic invariants (i.e., K and L*) as a function of the 105 

first adiabatic invariant μ. During this time period the electron PSD spectrum also showed the BOT 106 

feature (Fig. S6): given values of K and L*, the electron PSD spectrum has a minimum around μ 107 
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= 10s – ~100 MeV/G and a maximum around several hundreds of MeV/G. Compared to the BOT 108 

energy spectrum, the ratio of PSD maximum to minimum is relatively smaller, and the L range of 109 

observed BOT feature is also narrower. These results indicate that the BOT feature not only exists 110 

in the electron energy spectrum but also in the electron PSD profile. The electron PSD spectra with 111 

a wider K range at 22:00 UT on 29 March 2015 are also examined (Fig. S7), and the results suggest 112 

that the BOT feature clearly exist in the electron PSD spectrum with a wide K range inside the 113 

plasmasphere, and the μ values of the flux maximum and minimum decrease as K increases. 114 

 115 

Wave Model of Plasmaspheric Hiss 116 

In order to develop a reasonable wave model of plasmaspheric hiss for the 10-day period of 117 

20 – 30 March 2015, we focus on the three specific L-shell ranges, i.e., L = 3.0 ± 0.1, 3.5 ± 0.1, 118 

and 4.0 ± 0.1, for both inbound and outbound spacecraft trajectories. An event of hiss emissions is 119 

identified by applying the criterion of right-handed polarization with the ellipticity > 0.9, wave 120 

frequencies between 50 Hz and 2 kHz, and its location below the plasmapause inferred from the 121 

traces of upper hybrid resonance frequency. The identified wave spectral intensities are then 122 

averaged for adoption as the representative profile of hiss spectral intensity for each L-shell range 123 

during the corresponding half orbit. The mean profile is also used to calculate the average hiss 124 

wave amplitude by integrating the wave spectral intensity over frequency. In doing so, we acquire 125 

a time-varying, data-driven model of plasmaspheric hiss wave spectral intensity and wave 126 

amplitude (Fig. 3C). 127 

 128 

Hiss-Induced Electron Scattering Rates 129 

Since the hiss wave spectral intensity variations are relatively small, their mean profiles 130 

provide a good representation of the general spectral features of plasmaspheric hiss during the 131 

considered half orbit. Under the assumption that the wave spectral intensity remains unchanged 132 

with latitude, the data-driven mean profiles of plasmaspheric hiss spectral intensity are 133 

subsequently adopted as inputs to evaluate hiss wave induced rates of electron scattering. To 134 

evaluate wave-induced electron diffusion coefficients, the distribution of wave normal angle as a 135 

function of latitude is another critical parameter required for numerical computations. We follow 136 

previous studies17-21,26 to adopt a Gaussian distribution given by g(X) = exp[-(X - Xm)2/(δX)2]   (Xlc 137 

≤ X ≤ Xuc), where X = tan(θ) with θ as the wave normal angle, δX (= tan(δθ)) is the angular width, 138 



 

 

6 

 

Xm (= tan(θm)) is the peak, Xlc (=tan(θlc)) and Xuc (=tan(θuc)) are the lower and upper bounds of 139 

the wave normal distribution outside which the wave power is zero. To evaluate the hiss induced 140 

bounce-averaged electron scattering rates, the detailed information of wave normal angle 141 

distribution over the electron bounce trajectory along one specific field line (in this study, say, L 142 

= 3.0, 3.5, and 4.0) is required. More specifically, the values of four input parameters, i.e., θm, δθ, 143 

θlc and θuc, are required as functions of geomagnetic latitude, which, however, cannot be directly 144 

derived from in situ observations. In addition, while the satellite data can be analyzed to acquire 145 

the values of wave normal angle as a function of wave frequency (which can be taken as the peak 146 

wave normal angle θm), the measurements cannot provide the other information of wave normal 147 

angle distribution, say, δθ, θlc and θuc. Therefore, reasonable assumptions are consequently 148 

required to facilitate the simulation runs. We follow a previous study18 to adopt the model of hiss 149 

wave normal angle distribution as a function of latitude.  150 

The dipolar geomagnetic field model is used in our calculations with its equatorial magnitude 151 

derived from the spacecraft measurements. In other words, this is a “scaled” dipole magnetic field 152 

by the measured magnetic field magnitude to make the simulation closer to the real situation. 153 

During each considered time interval, the ambient electron densities are acquired from the 154 

EMFISIS high frequency receiver upper hybrid resonance frequencies. Then we take the averaged 155 

density values for each period as inputs, along with the assumption of latitudinally constant density 156 

model. With all the above information available, we evaluate the quasi-linear bounce-averaged 157 

electron diffusion coefficients by plasmaspheric hiss, for which the resonance harmonics |N| ≤ 5 158 

are considered. The diffusion rate calculations are implemented for each considered L-shell during 159 

both inbound and outbound intervals. Fig. S8 shows an example of hiss-induced rates of electron 160 

pitch angle diffusion, cross diffusion and momentum diffusion as a function of equatorial pitch 161 

angle and electron kinetic energy at L = 3.0, 3.5, and 4.0 during the interval of 21:27 - 22:02 UT 162 

on 25 March 2015. 163 

 164 

Simulation Results of Energy Spectra Evolution of Electrons with Various Equatorial Pitch Angles 165 

Based upon the numerical results of our 2-D Fokker-Planck diffusion simulations at three 166 

specific L-shells, i.e., L = 3.0, 3.5, and 4.0, we also investigate the temporal evolution of energy 167 

spectra for outer radiation belt electrons at equatorial pitch angles away from 90°, which are shown 168 

in Fig. S9. Under the impact of hiss wave scattering, the BOT spectral features form clearly for all 169 
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the two considered equatorial pitch angles (i.e., 30° and 60°), which is consistent with our 170 

observations, indicating that the production of BOT spectrum is very likely a process for electrons 171 

at all pitch angles. Compared to the results for equatorially mirroring electrons (Fig. 4), the electron 172 

energies of BOT flux minima tend to be very similar for all considered equatorial pitch angles. 173 

However, the timings and detailed profiles of the evolution of BOT electron energy spectra differ 174 

considerably at different L-shells, which can be primarily attributed to the L-shell dependence of 175 

the hiss-induced electron scattering effect. 176 

 177 

Sensitivity of 2-D Fokker-Planck Simulation Results 178 

In order to perform the 2-D diffusion simulations, a number of assumptions have been made 179 

regarding the input parameters including the latitudinal variations of wave spectral intensity and 180 

wave normal angle distribution and the profiles of ambient magnetic field and plasma density. To 181 

explore the sensitivity of our model results to several key input parameters and consequently the 182 

dependence of the evolution of BOT electron energy spectrum on our adopted assumptions, we 183 

implement further numerical runs of 2-D Fokker-Planck diffusion simulations to seek for a 184 

preliminary parametric analysis. We first select a set of input parameters as the standard, and then 185 

vary one input parameter but keep the other unchanged to investigate the sensitivity of the model 186 

results to the specific parameter. The standard of input parameters are adopted as follows: the exact 187 

dipole geomagnetic field model, the latitudinally constant plasmaspheric density model of Sheeley 188 

et al.35, the latitudinally varying model of wave normal angle distribution from Ni et al.18, the 189 

Gaussian frequency spectrum of hiss between 100 Hz and 2 kHz with the peak frequency of 300 190 

Hz and the bandwidth of 550 Hz17,18, the constant wave amplitude of 30 pT, and the latitudinal 191 

confinement within 40° of the geomagnetic equator. From left to right, Fig. S10 displays the 2-D 192 

plots of hiss-induced bounce-averaged electron pitch angle diffusion, cross diffusion and 193 

momentum diffusion as a function of equatorial pitch angle and electron kinetic energy and the 194 

model results of corresponding 10-day evolution of the equatorially mirroring electron energy 195 

spectra at L= 3.5. For top to bottom, the results correspond to the standard set of input parameter, 196 

low frequency hiss spectrum, increase and decrease of the ambient plasma density by a factor of 197 

2, increase and decrease of the background magnetic field by a factor of 2, and small (quasi-198 

parallel) wave normal angle distribution with θlc = 0°, θuc = 45°, θm = 0° and δθ = 30°. Overall, 199 

changes of the background magnetic field can introduce largest variations in the evolution of BOT 200 
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electron energy spectrum. In contrast, the BOT spectral features are less sensitive to the variations 201 

of wave frequency spectrum, ambient plasma density and wave normal angle distribution, while 202 

these changes also modify the temporal profiles of the BOT electron energy spectrum. 203 

 204 

References 205 

32. Claudepierre, S. G., T. P. O'Brien, J. B. Blake, J. F. Fennell, J. L. Roeder, J. H. Clemmons, M. 206 

D. Looper, J. E. Mazur, T. M. Mulligan, H. E. Spence, et al., A background correction 207 

algorithm for Van Allen Probes MagEIS electron flux measurements, J. Geophys. Res. Space 208 

Physics, 120, 5,703-5,727, 2015.  209 

33. McIlwain, C. E., Coordinates for mapping the distribution of magnetically trapped particles, J. 210 

Geophys. Res., 66(11), 3,681–3,691, 1961. 211 

34. Olson, W. P., and K. Pfitzer, Magnetospheric magnetic field modeling, Annu. Sci. Rep. 212 

F44620-75-c-0033, Air Force Off. of Sci. Res., Washington, D. C, 1977. 213 

35. Sheeley, B. W., M. B. Moldwin, H. K. Rassoul, and R. R. Anderson, An empirical 214 

plasmasphere and trough density model: CRRES observations, J. Geophys. Res., 106, 25,631-215 

25,641, 2001.  216 



 

 

9 

 

 217 

Fig. S1. An example of bump-on-tail energy spectrum at L=3.5, measured by the Van Allen Probes 218 

– A at 21:49 on 29 March 2015. Black cross signs represent data from MagEIS instruments, and 219 

diamond signs represent data from REPT instruments. The grey cross signs show data from 220 

MagEIS high energy spectrometer. Flux maximum and minimum of this BOT spectrum are also 221 

identified in the figure.  222 
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 223 
Fig. S2. Radiation belt electron bump-on-tail energy spectra with error bars using data from 224 

MagEIS and REPT instruments on the Van Allen Probes – A at three time points on 29 March 225 

2015.  226 
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 227 
Fig. S3. Statistics of bump-on-tail (BOT) electron energy spectrum based on the Van Allen 228 

Probes – A’s measurements during 2016. The format is the same to that in Fig. 2.  229 
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 230 
Fig. S4. Statistics of bump-on-tail (BOT) electron energy spectrum based on the Van Allen 231 

Probes – A’s measurements during 2017. The format is the same to that in Fig. 2.  232 
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 233 
Fig. S5. Evolution of the energy spectra of electrons with equatorial pitch angles of (left) 30° and 234 

(right) 60° at (top) L=3.0, (middle) 4.0, and (bottom) 5.0 during 20 – 30 March 2015, using data 235 

from the Van Allen Probes – A.  236 
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 237 

Fig. S6. Calculated electron phase space densities (PSD) using OP77Q magnetic field model at 238 

the four fixed pairs of the second and third adiabatic invariants (i.e., K and L*) as a function of the 239 

first adiabatic invariant μ during the time interval of 21:40 – 22:10 UT on 29 March 2015. The 240 

BOT feature is also clearly present in the electron PSD profile.   241 
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 242 

Fig. S7. Calculated phase space densities using OP77Q magnetic field model for the four fixed 243 

pairs of K and L* as a function of μ at 22:00 UT on 29 March 2015. The BOT feature is clearly 244 

present in these PSD profiles with a wide K range. 245 
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 246 

Fig. S8. An example of 2-D plots of hiss-induced rates of electron pitch angle diffusion, cross 247 

diffusion and momentum diffusion as a function of equatorial pitch angle and electron kinetic 248 

energy at L = 3.0, 3.5, and 4.0 during the interval of 21:27 - 22:02 UT on 25 March 2015.  249 
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 250 

Fig. S9. Simulated temporal evolution of energy spectra for outer radiation belt electrons at two 251 

equatorial pitch angles: (left) 30° and (right) 60°, and three specific L-shells: (from top to bottom) 252 

L = 3.0, 3.5, and 4.0. Under the impact of hiss wave scattering, the BOT spectral features form 253 

clearly for all considered equatorial pitch angles, indicating that the production of BOT spectrum 254 

is very likely a process for electrons at all pitch angles.  255 
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 256 

Fig. S10. (from left to right) 2-D plots of hiss-induced bounce-averaged electron pitch angle 257 

diffusion, cross diffusion and momentum diffusion as a function of equatorial pitch angle and 258 

electron kinetic energy, and the model results of evolution of the equatorially mirroring electron 259 
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energy spectra at L= 3.5 during 20 – 30 March 2015 for different sets of input parameters. From 260 

top to bottom, the results show using the standard set of input parameter, low frequency hiss 261 

spectrum, increase and decrease of the ambient plasma density by a factor of 2, increase and 262 

decrease of the background magnetic field by a factor of 2, and small (quasi-parallel) wave normal 263 

angle distribution with θlc = 0°, θuc = 45°, θm = 0° and δθ = 30°, respectively. These results show 264 

the dependence of the formation and evolution of BOT electron energy spectrum on the variations 265 

of background magnetic field, wave frequency spectrum, ambient plasma density, and wave 266 

normal angle distribution. 267 


