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Key Points 13 

 Statistics of bifurcated inner energetic electron belt is investigated using 6-year Van Allen 14 

Probes measurements 15 

 The bifurcated inner belt is mostly observed at ~ 30-100 keV with the bifurcation dip at L 16 

~2.0 - 2.3 under quiet geomagnetic conditions 17 

 Energy and seasonal dependences of the inner belt bifurcation support the important role of 18 

VLF transmitter signals in its formation 19 

 20 

Abstract 21 

We present a survey of the bifurcation of the Earth’s energetic electron belt (tens of keV) using 22 

6-year measurements from Van Allen Probes. The inner energetic electron belt usually presents 23 

one-peak radial structure with high flux intensity at L < ~2.5, which however can be bifurcated to 24 

exhibit a double-peak radial structure. By automatically identifying the events of bifurcation 25 

based on RBSPICE data, we find that the bifurcation is mostly observed at ~30–100 keV with a 26 

local flux minimum at L=~2.0–~2.3 under relatively quiet geomagnetic conditions, typically 27 

after a significant flux enhancement due to radial diffusion or injections to L<~2.5. The 28 

bifurcation typically lasts for a few days during quiet periods until interrupted by injections or 29 

radial diffusion. The L-shell, energy and seasonal dependences of the occurrence of bifurcated 30 
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inner electron belt support the important role of electron scattering by very-low-frequency 31 

transmitter waves in the bifurcation formation. 32 

 33 

 34 

Plain Language Summary 35 

The Earth’s inner energetic electron belt typically exhibits one-peak radial structure with high 36 

flux intensities at radial distances < ~2.5 Earth radii. Recent studies suggested that human-made 37 

very-low-frequency (VLF) transmitters leaked into the inner magnetosphere can efficiently 38 

scatter energetic electrons, bifurcating the inner electron belt. In this letter, we use 6-year 39 

electron flux data from Van Allen Probes to comprehensively analyze the statistical distributions 40 

of the bifurcated inner electron belt and their dependence on electron energy, season, and 41 

geomagnetic activity, which is crucial to understand when and where VLF transmitters can 42 

efficiently scatter electrons in addition to other naturally occurring waves. We reveal that 43 

bifurcation can be frequently observed for tens of keV electrons under relatively quiet 44 

geomagnetic conditions, typically after significant flux enhancements that elevate fluxes at L = 45 

2.0 – ~2.5 providing the prerequisite for the bifurcation. The bifurcation typically lasts for a few 46 

days until interrupted by substorm injections or inward radial diffusion. The L-shells of 47 

bifurcation dip decrease with increasing electron energy, and the occurrence of bifurcation is 48 

higher during northern hemisphere winter than summer, supporting the important role of VLF 49 

transmitter waves in energetic electron loss in near-Earth space. 50 

 51 
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 54 

1. Introduction 55 

The Earth’s inner electron radiation belt, which typically exhibits one-peak structure with 56 

high flux intensities at L-shells below ~2.5 (e.g., Reeves et al., 2016), can manifest various 57 

acceleration and loss processes for energetic electrons above tens of keV (e.g., Baker et al., 2004, 58 

2007; Baker & Blake, 2012; Claudepierre et al., 2020a). Electron flux can exhibit sudden 59 

enhancement or injection features during geomagnetic active times (e.g., Claudepierre et al., 60 

2019; Hua et al., 2019) followed by a long period of decay (e.g., Rosen & sanders, 1971; Gu et 61 



   
 

   
 

al., 2020; Ma et al., 2020). Inner belt electron lifetimes are mainly controlled by Coulomb 62 

collision (Walt & Farley, 1978) and cosmic ray albedo neutron decay (Xiang et al., 2019, 2020) 63 

at very low L-shells close to the inner edge of the inner belt, while at higher L-shells wave-64 

particle interactions due to very-low-frequency (VLF) transmitter waves, lightning-generated 65 

whistlers, and plasmaspheric hiss play a more important role in driving energy-dependent pitch-66 

angle scattering, which can further lead to electron loss (e.g., Abel and Thorne, 1998a, 1998b; 67 

Albert et al., 2016; Cao et al., 2017, 2020; Claudepierre et al., 2020b; Green et al., 2020; Ma et 68 

al., 2016; Meredith et al., 2007; Ni et al., 2014, 2019; Rodger and Clilverd, 2002; Rodger et al., 69 

2003; Zhang et al., 2019; Zhao et al., 2019).  70 

Narrow-band electromagnetic waves originated from ground-based VLF transmitter 71 

signals with a typical frequency range of 18–27 kHz can propagate in the whistler mode, whose 72 

wave amplitude tends to peak at nightside within L < ~3 (Chen et al., 2016, 2017; Clilverd et al., 73 

2008; Ma et al., 2017; Meredith et al., 2019, Yi et al., 2019). The NWC transmitter located in 74 

Australia (19.8 kHz, L = 1.42, 1000 kW) and the NAA transmitter located in North America 75 

(24.0 kHz, L = 2.74, 1000 kW) are the two most powerful stations (Meredith et al., 2019). 76 

DEMETER satellite observations have indicated strong correlations between electron flux 77 

enhancements in the drift-loss cone and VLF transmitters locations (Gamble et al., 2008; Graf et 78 

al., 2008; Selesnick et al., 2013). In addition, the energy of enhanced drift-loss cone electron 79 

fluxes presents an L-shell dependence which is consistent with the first-order cyclotron 80 

resonance energy due to VLF transmitter waves, suggesting the important role of VLF 81 

transmitters in electron losses (Gamble et al., 2008; Sauvaud et al., 2008). A recent study of 82 

Claudepierre et al. (2020b) reported bifurcated inner electron belt with a local minimum in the 83 

flux radial profile over L = 2 – 3 from August 2016 to February 2017 based on the raw electron 84 

flux measurements from the MagEIS (Blake et al., 2013) onboard Van Allen Probes (Mauk et al., 85 

2013), which is energy dependent and consistent with the location where VLF transmitters can 86 

theoretically cause efficient scattering effects (Claudepierre et al., 2020b; Ross et al., 2019). The 87 

study of Hua et al. (2020) further provided direct quantitative evidence by a case study that VLF 88 

transmitters are primarily responsible for bifurcating the energetic electron belt at tens of keV by 89 

comparing the results from Van Allen Probes observations and Fokker-Planck diffusion 90 

simulations, while other waves including plasmaspheric hiss and lightning-generated whistlers 91 

cannot cause bifurcation but can contribute to electron flux decay at higher energies.  92 



   
 

   
 

Although both studies of Claudepierre et al. (2020b) and Hua et al. (2020) have analyzed 93 

inner belt bifurcation based on either about half-a-year Van Allen Probes MagEIS measurements 94 

or a detailed case analysis, there still lacks a systematical analysis to evaluate the statistical 95 

distributions of inner energetic electron belt bifurcation, especially using the long-term Van 96 

Allen Probes RBSPICE data, the energy coverage of which is suitable for the investigation. 97 

Although the wave-induced electron scattering effect is well described by the quasi-linear theory 98 

(e.g., Abel et al., 1998a, 1998b; Ross et al., 2019), it is important to investigate the evidence and 99 

statistical significance of electron flux decay driven by VLF transmitter waves based on direct 100 

in-situ particle measurements. In this letter, the statistical distributions of inner belt bifurcation 101 

are provided based on 6-year electron flux measurements from Radiation Belt Storm Probes Ion 102 

Composition Experiment (RBSPICE) (Mitchell et al., 2013) onboard Van Allen Probes. Our 103 

statistical analysis reveals the potential relation between the inner electron belt bifurcation and 104 

VLF transmitter waves, suggesting the roles of VLF transmitter waves in electron losses in the 105 

near-Earth space. 106 

 107 

2. Observation of Inner Electron Belt Bifurcation 108 

2.1. Van Allen Probes Data 109 

The twin Van Allen probes were launched into near-equatorial orbits with a perigee of 110 

~1.1 RE and an apogee of ~5.9 RE on 30 August 2012 (Mauk et al., 2013). We adopt the Level 3 111 

Pitch Angle and Pressure data set of the RBSPICE, which measures electrons over the energy 112 

range from ~25 keV to ~1 MeV with fine energy resolution (Mitchell et al., 2013) to acquire the 113 

electron fluxes. The RBSPICE instrument provides 26 energy channels over ~25 - ~118 keV, 114 

which is the energy range that we focus on. The present statistics is based on the electron flux at 115 

90° pitch angle measurements during 2013 – 2018 within ±10° of the geomagnetic equator over 116 

L = 1 – 3, corresponding to the region where the majority of the wave power of the VLF 117 

transmitters is observed (Ma et al., 2017; Meredith et al., 2019). The electron flux data are 118 

binned into grids of 0.1 L × 1 day. We adopt the McIlwain L-shell calculated using TS04D 119 

magnetic field model (Tsyganenko and Sitnov, 2005). The MagEIS instrument observed the 120 

bifurcation feature similar to RBSPICE but with fewer energy channels. The high-resolution (1 121 

minute) OMNIWeb data of geomagnetic indices provided the measurements of SYM-H index, 122 



   
 

   
 

and AE index with time resolution of 1 minute from the Time History of Events and Macroscale 123 

Interaction during Substorms (THEMIS) (Angelopoulos, 2008) is adopted. 124 

 125 

2.2. Identification Criteria of Bifurcated Inner Electron Belt 126 

 An overview of the electron flux evolutions at L = 1.2 – 3.0 and identifications of the 127 

bifurcated inner belt during 2016 are presented in Figure 1. Several geomagnetic storms and 128 

substorms are observed as indicated by the SYM-H and AE indices (Figure 1a-1b). Figures 1c-f 129 

display daily-averaged electron fluxes from ~30 to ~100 keV as a function of L-shell and time. 130 

Several events of bifurcated electron belt are observed following electron flux enhancements 131 

with the most significant flux decay at L = ~2.3. Distinct from the one-peak inner belt shown in 132 

Figure 1j, Figure 1i shows one example of inner energetic electron belt bifurcation during a 17-133 

day period. The inner belt gradually evolves from a one-peak structure following the 134 

disturbances on 20 February 2016 to a clear double-peak structure during the quiet period, until 135 

the arrival of next electron injection on 07 March 2016. Based on the daily-averaged electron 136 

flux data with the resolution of 0.1 L × 1 day, the inner electron belt bifurcation can be 137 

automatically identified using the following criteria: 138 

1. The radial profile of electron flux has at least one local flux minimum (or flux dip) in the 139 

inner belt at L≤ 2.4. 140 

2. Since the electron loss timescales due to the VLF transmitters are at least several days as the 141 

intensities of VLF transmitter waves are relatively weak (e.g., Ross et al., 2019), the flux 142 

ratio of the local flux minimum (𝑗𝑚𝑖𝑛) to local flux maximum should be smaller than one but 143 

not too small as the flux dip is not expected to be too sharp. Here we define the 𝑟𝑎𝑡𝑖𝑜1 =144 
𝑗𝑚𝑖𝑛

𝑗𝑚𝑎𝑥1
 and 𝑟𝑎𝑡𝑖𝑜2 = 𝑗𝑚𝑖𝑛

𝑗𝑚𝑎𝑥2
, where 𝑗𝑚𝑎𝑥1  and 𝑗𝑚𝑎𝑥2  represent local flux maxima peak at L-145 

shells below and above the flux dip, respectively. Therefore, we set the threshold as 0.75 <146 

𝑟𝑎𝑡𝑖𝑜1 ≤ 0.98 and 0.75 < 𝑟𝑎𝑡𝑖𝑜2 ≤ 0.98.  147 

3. Significant injections due to the impacts of interplanetary shock on the Earth’s 148 

magnetosphere (e.g., Li et al., 1993) and enhanced convection electric fields (e.g. Su et al., 149 

2016), and inward radial diffusion driven by ultra-low-frequency waves (e.g., Hua et al., 150 

2019; Li & Hudson, 2019; Lyons & Thorne, 1973) can cause electron flux enhancements, 151 

which can penetrate down to the inner belt and easily compromise the bifurcation to one-152 



   
 

   
 

peak inner belt. Therefore, we exclude days of measurements when geomagnetic conditions 153 

are very active, i.e., AE > 900 nT or SYM-H < -50 nT. 154 

4. To avoid injections, we also exclude data if there are flux enhancements compared to the flux 155 

level in the past three days, which is defined by 𝑗(𝑡)

𝑗(𝑡−𝑖)
> 1.2, where t represents selected days 156 

and i is selected from 1 to 3 days. 157 

5. During the injections or inward radial diffusions, electron fluxes can be enhanced firstly at 158 

outer boundary of the inner belt (e.g. Su et al., 2016), leading to a second flux local 159 

maximum at L-shells close to ~3.0 apart from the original flux peak in the inner belt before 160 

the electrons are transported down to the center of the inner belt. To distinguish this double-161 

peak structure from the bifurcated inner electron belt driven by VLF transmitters, we exclude 162 

data where 𝑓𝑎𝑣𝑔(2.5: 2.7) < 𝑓𝑎𝑣𝑔(2.8: 3.0), where 𝑓𝑎𝑣𝑔(𝑎: 𝑏) is the averaged flux of electrons 163 

at L-shells between a and b. 164 

Distinct from one-peak inner belt, the double-peak bifurcated inner electron belts are 165 

automatically identified indicated by the black plus signs in Figures 1c-f, which represents the 166 

local flux minimum of the identified bifurcation dip. The identification of bifurcation during 167 

other years is presented in Figures S1-S5 of the Supporting Information. Typically, the 168 

bifurcation can last for several days under non-disturbed conditions before interrupted by 169 

injections or radial diffusion that penetrated down to inner belt, and then the inner belt is 170 

transformed into a one-peak structure. Most bifurcation events were observed during non-171 

disturbed periods several days after significant flux enhancement with strong AE index (> 1200 172 

nT, see Table S1 in Supporting Information), which overall elevates the electron fluxes at L > 173 

~2.0 so that the flux radial profile distributions become flat, providing the favorable electron flux 174 

pre-condition for the formation of the bifurcation (e.g., Figure 1i). However, not all flux 175 

enhancements followed by a relatively long quiet time period show inner electron belt 176 

bifurcation (e.g., Figure 1j). Besides, the electron flux enhancements occurred too frequently 177 

during August 2016, without a subsequent long non-disturbed period for electron flux decay, 178 

making it difficult to form the bifurcation. Therefore, the formation of the bifurcation requires 179 

relatively quiet geomagnetic conditions, so that other processes such as electron accelerations 180 

due to magnetosonic waves or injections will not interrupt the electron loss due to pitch-angle 181 

scattering by VLF transmitter waves, aided by plasmaspheric hiss and lightning-generated 182 

whistlers. Figure 1g shows the L-shells of the identified bifurcation dip, i.e., local flux minimum 183 



   
 

   
 

at L < 3.0 as a function of electron energy and time, which can be frequently observed for 184 

electrons at 25 – ~120 keV, demonstrating a clear trend that L-shells of the bifurcation dip 185 

decrease with increasing energies. Figure 1h indicates the flux ratio, which is the smaller one of 186 

aforementioned ratio1 and ratio2. Overall, the flux ratio is above ~0.8, which agrees with 187 

previous studies that the electron loss due to VLF scattering effects is a relatively slow process 188 

(Claudepierre et al. 2020b; Hua et al., 2020; Ross et al., 2019). 189 

2.3. Electron Flux Pre-condition Selection for Inner Electron Belt Bifurcation 190 

We also automatically selected the electron flux pre-condition for the formation of inner belt 191 

bifurcation, by identifying the flux enhancements that penetrate down to the inner belt based on 192 

the daily-averaged 90° pitch-angle fluxes. We identified the flux enhancement by comparing to 193 

the flux level in the past three days, which is defined by 𝑗(𝑡)

𝑗(𝑡−𝑖)
> 1.2, where t represents selected 194 

days and i is selected from 1 to 3 days. The commencement of the enhancement is selected if this 195 

flux enhancement occurred for at least 10 L-shell bins and at least 10 energy channels for low 196 

electrons (energies below 200 keV), where the L-shell grid is from 1.0 to 3.0 with step of 0.1. To 197 

avoid overlapping events of enhancement, we excluded cases in which two individual 198 

enhancements occurred within ±3 days of each other. After selecting all the electron flux 199 

enhancements in the inner belt, we further identify the electron flux pre-condition for the 200 

bifurcation. In order to exclude the scattered and discontinuous identified bifurcation, we only 201 

include data where bifurcation occurs for at least 5 days and in more than 10 energy channels 202 

during one enhancement event, which we denoted as a bifurcation event. There are more than 20 203 

bifurcation events, with the clear ones listed in Table S1 of the Supporting Information. The first 204 

day of the observed bifurcation at any energy channel is defined as the start of the bifurcation 205 

event. The electron flux pre-condition is chosen as the flux profile one day before the start of the 206 

bifurcation event.  207 

 208 

3. Statistical Results of Inner Electron Belt Bifurcation 209 

3.1 Electron Flux Pre-condition Features and Dependence on Geomagnetic Activity 210 

As discussed above, not all flux enhancements with a following quiet time period were 211 

followed by inner electron belt bifurcation. To quantitively analyze the favorable electron flux 212 

pre-condition for the bifurcation, Figures 2a-d present identified pre-condition for the bifurcation 213 



   
 

   
 

during 2013 – 2018 at the indicated electron energies of 31.0 – 104.9 keV, and the mean profile 214 

(red curves). The shaded regions represent the L-shell range of electron flux decrease within 10% 215 

from the peak of the mean profiles, with the width of the shaded regions (∆𝐿) marked below. For 216 

comparison, we investigate the electron flux distributions which are not followed by bifurcation, 217 

by showing the corresponding flux profiles at the commencement of flux enhancements, i.e., the 218 

day of the start of the flux enhancement, under relatively quiet geomagnetic conditions (SYM-H > 219 

-50 nT) in Figures 2e-h. Clearly, the electron flux pre-conditions of the flux radial profile for 220 

bifurcation (Figures 2a-d) are flatter at L = ~2.0 – ~2.6 with most ∆𝐿 > ~1.0, while it is less 221 

likely to form a second peak at L > 2.0 with initial flux radial profiles peaking sharply at L <~2.0 222 

(∆𝐿 < ~0.7, Figures 2e-h). Besides, the pitch-angle scattering of electrons at energies of tens of 223 

keV due to VLF transmitter waves is most efficient at L > ~2.2 (Hua et al., 2020). This 224 

comparison suggests that the formation of inner belt bifurcation more likely occurs on a 225 

relatively flat radial profile of enhanced electron fluxes due to injections or radial diffusion.  226 

The occurrence of bifurcated inner electron belt depends significantly on the geomagnetic 227 

activity due to the association with injections and radial diffusion. Figure 2i presents the 228 

occurrence rate of bifurcation during non-disturbed time as a function of year at color-coded 229 

energies with the magenta dashed line showing the yearly-averaged AE index. The counts of the 230 

identified bifurcation are shown in Figure 2j. One count means that a bifurcation is identified 231 

based on daily-averaged electron fluxes measured by RBSPICE onboard both Van Allen Probes. 232 

The yearly-averaged AE index peaks at year 2015 indicating more electron flux injections that 233 

can potentially elevate inner belt electron fluxes providing electron flux pre-condition for the 234 

bifurcation. However, the occurrence rate of the bifurcation in 2015 is overall lower than that in 235 

2016, as the gradual formations of inner belt bifurcation are interrupted by the frequent injections 236 

in 2015. The occurrence rate of the bifurcation is overall higher during 2016 – 2017 than other 237 

years, mainly due to the higher AE level during 2016 – 2017 than 2013 – 2014, and 2018, which 238 

potentially provides more favorable electron flux pre-conditions for the bifurcation, while there 239 

are sufficient non-disturbed periods subsequent to the flux enhancements, allowing electron flux 240 

decay due to VLF transmitter waves.  241 

3.2 Dependence on Electron Energy 242 

 The statistical distributions of the L-shells of the bifurcation dip as a function of electron 243 

energy during 2013 – 2018 are shown in Figure 3a. Here one data count means that bifurcated 244 



   
 

   
 

inner electron belt is identified based on daily-averaged electron fluxes measured by RBSPICE 245 

onboard both Van Allen Probes. Bifurcation is observed at energies over 25 – ~120 keV with 246 

bifurcation dips over L = 1.7 – 2.4. Clearly, more cases of bifurcation are observed at energies of 247 

~30 – ~80 keV with bifurcation dips at L = 2.1 – 2.2, and the number of counts decreases 248 

significantly above ~100 keV. The mean L-shell profile of the bifurcation dips (shown as black 249 

line with plus sign) decreases with increasing energy, which is roughly consistent with the first-250 

order cyclotron resonance energies (indicated by the magenta dashed line) of electrons 251 

interacting with 24 kHz VLF transmitter waves at the geomagnetic equator, calculated using the 252 

dipole magnetic field model and the empirical plasmaspheric density model by Ozhogin et al. 253 

(2012). Besides, the L-shells of bifurcation dip are mostly found at L > ~2.0, which indicates that 254 

the bifurcation can possibly be driven by VLF transmitters located at L > ~2. Although the wave 255 

power from the transmitters located at L < ~2, such as NWC transmitter, can extend to higher L-256 

shells, their wave intensity decreases for more than one order away from the location of the 257 

transmitter (Meredith et al., 2019). At L > 2, the wave intensity due to the spread out of the 258 

transmitter waves from NWC is lower than the wave intensity originating from the transmitters 259 

at L > 2. The transmitters located at L < ~2 may play a minor role in bifurcation as their wave 260 

power is mostly confined within L = ~2. The majority of the VLF wave power at L > ~2 comes 261 

from DHO38 transmitter (23.4 kHz, L = 2.38, 300 kW) located in Germany, and the NAA 262 

transmitter (24.0 kHz, L = 2.74, 1000 kW) and the NLK transmitter (24.8 kHz, L = 2.88, 250 kW) 263 

located in North America (e.g., Meredith et al., 2019), which potentially play a major role in 264 

driving bifurcation. The yearly results during 2013 – 2018 are shown in Figures 3b-g, 265 

respectively, demonstrating similar energy dependence, i.e., the L-shell of the bifurcation dip 266 

decreases with increasing energy and approximately follows the first-order cyclotron resonance 267 

energies of electrons due to VLF transmitter waves. Besides, consistent with the results 268 

discussed above, the counts of the bifurcation are much higher during 2016 – 2017 than in other 269 

years. 270 

3.3 Dependence on Season 271 

 Figures 4a-4b show the occurrence rate and data count of the inner electron belt 272 

bifurcation as a function of electron energy for all seasons (black), Northern Hemisphere summer 273 

(April – October, in blue) and winter (November – March, in red) under non-disturbed 274 

geomagnetic conditions (i.e., AE < 900 nT and SYM-H > -50 nT) during 2013 – 2018. Based on 275 



   
 

   
 

6-year statistics, the bifurcation is more likely to occur for 30 – 100 keV electrons with the 276 

occurrence rate of ~15% during all seasons (black), while the occurrence rate drops significantly 277 

down to <10% at energies of ~120 keV. Interestingly, the occurrence rate of the bifurcation 278 

depends significantly on season, which is higher during winter than summer with the highest 279 

occurrence rate above 20% for ~40 – ~60 keV electrons. This seasonal asymmetry is consistent 280 

with previous statistics that the wave intensity of the VLF transmitters is stronger during local 281 

winter at L > 1.7 where the wave power mainly comes from the North American transmitters 282 

NAA and NLK and German transmitter DHO38 (Meredith et al., 2019), resulting from the lower 283 

electron density in the reduced sunlight leading to the decrease of transionospheric wave 284 

attenuation (Helliwell, 1965). The yearly results during 2013 – 2018 are shown in Figures 4c-n, 285 

respectively, showing similar seasonal dependence of the occurrence rate, which is overall higher 286 

during northern hemisphere winter than summer. Furthermore, the occurrence rate of the 287 

bifurcation is much higher in 2016 than in other years, which reaches ~50% for ~40 keV 288 

electrons and maintains >40% for ~30 – ~80 keV electrons, while the occurrence rate is 289 

extremely low during 2013 – 2014.  290 

 291 

4. Conclusions and Discussions  292 

 In the present study, the statistical distributions of inner electron belt bifurcation are 293 

investigated based on 6-year near-equatorial electron flux measurements by RBSPICE onboard 294 

both Van Allen Probes during 2013 – 2018. Overall, the bifurcated inner electron belt can be 295 

identified based on our data selection criteria. It is noteworthy that there are still some 296 

uncertainties about the selection of the threshold of each parameter, such as the L-shell of the 297 

bifurcation dip (criterion 1) and the flux ratio (ratio1 and ratio2 in criterion 2). To check the 298 

sensitivity on these assumptions, we also tried to use the L≤ 2.5 for the first criteria, which only 299 

gives few more counts for the identified bifurcation with a bifurcation dip at L = 2.5. We also 300 

tried to set the upper limit of ratio1 and ratio2 as 0.95, the results of which show similar trend 301 

but with ~40% counts less than the current results. After trying different upper limits of ratio1 302 

and ratio2 from 0.95 – 0.98, we selected the upper limit as 0.98 which shows the best accuracy 303 

of identification of bifurcation. The lower limit ratio of 0.75 in the second criterion can help to 304 

avoid false identifications of bifurcation at energies > 130 keV, which are mostly caused by 305 

injections. Furthermore, the statistical results without criterion 4 overall still demonstrate similar 306 



   
 

   
 

results except for identifying a few more sparse bifurcations, which are mostly caused by 307 

injections. Besides, the inner energetic electron bifurcation can possibly exist at energies below 308 

~25 keV, which is not included in our study. 309 

Our principle conclusions are as follows: 310 
1. The bifurcated inner electron belt can be frequently observed at ~30 – 100 keV with 311 

bifurcation dips at L > ~2.0 under non-disturbed geomagnetic conditions after significant flux 312 

enhancements, which can elevate electron fluxes at L = 2.0 – ~2.5 and produce a relatively 313 

flat electron flux radial profile as the favorable electron flux pre-condition for the bifurcation 314 

formation. The bifurcation can typically last for a few days from ~5 to ~13 days before 315 

interrupted by flux enhancements driven by injections or radial diffusion, and then evolve to 316 

the one-peak inner belt structure.  317 

2. The L-shell of the bifurcation dip is energy dependent, decreasing with increasing energy, 318 

which is roughly consistent with the cyclotron resonant energies of electrons due to VLF 319 

transmitter signals. 320 

3. The occurrence rate of the bifurcation is higher during local winter than summer, which is 321 

consistent with the stronger wave intensity of the VLF transmitter waves during local winter 322 

at L > 1.7 where the wave power mainly comes from the North American transmitters NAA 323 

and NLK and German transmitter DHO38 (Ma et al., 2017; Meredith et al., 2019). 324 

4. The L-shell distribution of the bifurcation dip, energy and seasonal dependences of the 325 

occurrence of bifurcated inner electron belt support the important role of VLF transmitter 326 

signals in electron flux decay in the inner belt in addition to other naturally occurring waves 327 

(Hua et al., 2020). The present statistics is therefore crucial to understand when and where 328 

the VLF transmitters can efficiently scatter energetic electrons (at tens of keV) in near-Earth 329 

space.  330 

Our study reveals the location preference and occurrence pattern of the inner belt bifurcation and 331 

its dependences on geomagnetic condition, season, and pre-condition of electron fluxes. Despite 332 

the generally weak amplitude of VLF transmitter waves, the electron flux survey indicates the 333 

deformation of inner radiation belt due to VLF transmitter signals, the effect of which is evident 334 

especially during geomagnetically quiet periods. 335 
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Figures and Captions 517 

 518 
Figure 1. The observation of inner energetic electron belt by Van Allen Probes in year 2016. (a) 519 

SYM-H index. (b) AE index. Electron flux evolutions at 90° pitch angle measured by RBSPICE 520 



   
 

   
 

from both Van Allen Probes within ±10° of the geomagnetic equator at (c) 31.0, (d) 52.4, (e) 521 

71.6, and (f) 104.9 keV, respectively. The black plus signs represent the local flux minimum of 522 

the identified bifurcated inner belt. (g) L-shell of the bifurcation dip as a function of energy. (h) 523 

Flux ratio of the local flux minimum to the local flux maximum at L ≤ 3.0. Examples of (i) 524 

bifurcated, and (j) one-peak inner belt structures at 31.0 keV in the same format as (c) but during 525 

shorter periods.   526 



   
 

   
 

 527 
Figure 2. Radial profile of electron fluxes at 90° pitch angle measured by RBSPICE during 528 

2013-2018 after electron flux enhancements that penetrate to the inner belt with (a-d) and 529 

without (e-h) subsequent observations of inner belt bifurcation at the indicated electron energies, 530 

from left to right: 31.0 keV, 52.4 keV, 71.6 keV, and 104.9 keV, and the mean profile (red 531 

curves). The shaded regions represent the electron flux decrease by less than 10% of the flux 532 

maximum, with the width of the shaded regions (∆𝐿) marked below. (i) The occurrence rate of 533 

the bifurcated inner belt under non-disturbed geomagnetic conditions (i.e., AE < 900 nT and 534 

SYM-H > -50 nT) as a function of year at color-coded electron energies. The magenta dashed 535 

line indicates the yearly-averaged AE index. (j) Counts of the identified bifurcated inner belt. 536 

One count means that a bifurcated inner belt is identified based on daily-averaged electron fluxes 537 

measured by RBSPICE onboard both Van Allen Probes. 538 



   
 

   
 

 539 
Figure 3. (a) The statistical distribution of the L-shell of the bifurcation dip as a function of 540 

electron energy during 2013 – 2018. One count means that a bifurcated inner belt is identified 541 

based on daily-averaged electron fluxes measured by RBSPICE onboard both Van Allen Probes. 542 

The black line with plus sign represents the mean profile. The magenta dashed line indicates the 543 

first-order cyclotron resonant energies of electrons interacting with 24 kHz VLF transmitter 544 

waves at the geomagnetic equator. (b-g) Same as in (a) except for yearly results from 2013 to 545 

2018. 546 



   
 

   
 

 547 
Figure 4. (a) The occurrence rate of the bifurcated inner belt as a function of electron energy for 548 

all seasons (black), Northern Hemisphere summer (April – October, in blue) and winter 549 

(November – March, in red) under non-disturbed geomagnetic conditions (i.e., AE < 900 nT and 550 

SYM-H > -50 nT) during 2013 – 2018. (b) Counts of the identified bifurcated inner belt. One 551 

count means that a bifurcated inner belt is identified based on daily-averaged electron fluxes 552 

measured by RBSPICE onboard both Van Allen Probes. The sample numbers are marked below, 553 

which represent the non-disturbed days during the considered time period. (c-n) Same as in (a-b) 554 

except for yearly results. 555 
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Figure 4.
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