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Abstract

The relativistic (˜500 keV–2 MeV) and ultra-relativistic (˜> 2 MeV) electron three-belt structure can originate from the partial

depletion of the preexisting outer belt and replenishment of the new belt without direct electron injections. These processes may

be related to radial diffusion caused by ULF (Ultra-Low Frequency) waves and local acceleration by VLF (Very-Low Frequency)

waves. In this study, we reported a three-belt event with several hundred keV electrons based on Arase observation. The partial

depletion of the outer belt and subsequent formation of a new belt due to source and seed electron (˜30–500 keV) injection

may be the primary mechanisms responsible for the three-belt structure. This discovery showed that the three-belt structure

might not be limited to relativistic and ultra-relativistic electrons. Our study provided evidence for the existence of the source

and seed electron three-belt structure, which could help improve our understanding of the radiation belt configuration.
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Key Points: 12 

• We reported a source and seed electron three-belt event that occurred in October 2020 13 

based on Arase observation. 14 

• Electrons injected after the loss of the upper outer belt formed a new outer belt, possibly 15 

causing the three-belt structure to form. 16 

• The fresh, substantial injected population during geomagnetic disturbances may disrupt 17 

the source and seed electron three-belt structure. 18 

  19 
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Abstract 20 

The relativistic (~500 keV–2 MeV) and ultra-relativistic (~> 2 MeV) electron three-belt structure 21 

can originate from the partial depletion of the preexisting outer belt and replenishment of the 22 

new belt without direct electron injections. These processes may be related to radial diffusion 23 

caused by ULF (Ultra-Low Frequency) waves and local acceleration by VLF (Very-Low 24 

Frequency) waves. In this study, we reported a three-belt event with several hundred keV 25 

electrons based on Arase observation. The partial depletion of the outer belt and subsequent 26 

formation of a new belt due to source and seed electron (~30–500 keV) injection may be the 27 

primary mechanisms responsible for the three-belt structure. This discovery showed that the 28 

three-belt structure might not be limited to relativistic and ultra-relativistic electrons. Our study 29 

provided evidence for the existence of the source and seed electron three-belt structure, which 30 

could help improve our understanding of the radiation belt configuration. 31 

Plain Language Summary 32 

The electron radiation belts are regions of electrons surrounding Earth and usually exhibit a two-33 

belt structure, i.e., the inner belt and the outer belt. The Van Allen Probes mission contributes to 34 

discovering ~> 600 keV electron three-belt structure in these regions, i.e., the lowest inner belt, 35 

the higher remnant belt, and the highest external outer belt. ULF (Ultra-Low Frequency) and 36 

VLF (Very-Low Frequency) waves are believed to contribute to the formation of this structure. 37 

However, substorm injections are not usually responsible for forming the external outer belt. In 38 

this study, based on Arase observation, we reported a three-belt event with mechanisms different 39 

from the above three-belt structure. In this event, electrons with several hundred keV energies 40 

exhibited a three-belt structure. We concluded that the partial depletion of the upper part of the 41 

original outer belt and the formation of the new outer belt due to substorm-injected source (~30–42 
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200 keV) and seed (~200–500 keV) electrons might contribute to forming the structure. The 43 

discovery of the source and seed electron three-belt structure and the preliminary explanation of 44 

its cause in this study might help to improve our understanding of the structure and dynamics of 45 

the radiation belts. 46 

1 Introduction 47 

Ultra-relativistic electron three-belt structure is one of the significant discoveries of the Van 48 

Allen Probes mission. In September 2012, observations from the probes revealed the presence of 49 

a ‘storage ring’ between the inner and outer belts of ultra-relativistic electrons (~> 2 MeV) that 50 

lasted for about four weeks (Baker et al., 2013), resulting in a three-belt structure in the radiation 51 

belts including the inner belt, the remnant belt, and a new outer belt, also known as the external 52 

outer belt (Hao et al., 2020). 53 

Based on the SAMPEX (Solar Anomalous, and Magnetospheric Particle Explorer) data sets from 54 

1994 to 2003 that collected 110 CME-driven (CME, Coronal Mass Ejection) and 223 CIR-driven 55 

(CIR, Corotating Interaction Region) magnetic storms  (Yue & Zong, 2011), Yuan and Zong 56 

(2013) identified 3 three-belt events from the CME-driven storms and 5 from the CIR-driven 57 

storms for 1.5–6.0 MeV electrons, which complemented the observational evidence of the three-58 

belt events. 59 

Observations of the three-belt structure mentioned above have generated significant research 60 

interest among scholars. In the following years, three related issues have been primarily 61 

discussed, namely, mechanisms for the partial depletion of the preexisting outer belt (i.e., the 62 

remnant belt), the formation of the new outer belt (i.e., the third belt or the external outer belt), 63 

and the decay of the remnant belt. 64 
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The solar wind dynamic pressure compresses the Earth’s magnetosphere, leading to the 65 

magnetopause shadowing effect (e.g., Matsumura et al., 2011) followed by the excitation of ULF 66 

(Ultra-Low Frequency) waves and VLF (Very-Low Frequency) waves which may cause 67 

acceleration or loss of electrons by radial diffusion and local wave-particle interactions, 68 

respectively. The combined effect of magnetopause shadowing, ULF, and VLF waves may 69 

explain the formation of the remnant belt and the replenishment of the new outer belt (Loto'aniu 70 

et al., 2010; Mann et al., 2018; Mann et al., 2016; Yuri Y. Shprits et al., 2018; Yuri Y. Shprits et 71 

al., 2013; D. L. Turner et al., 2013; Drew L. Turner et al., 2012). 72 

Victor A. Pinto et al. (2018) conducted a statistical study of 30 three-belt events occurring at 73 

1.8–7.6 MeV from 2013 to 2017 based on Van Allen Probes data. They found that the decay 74 

time of the remnant belt increased with increasing energy. Furthermore, they observed that after 75 

the formation of the three-belt structure, the plasmapause location was restored above the 76 

remnant belt, protecting it from losses caused by various fluctuations outside the plasmasphere, 77 

thus allowing it to last longer (Victor A. Pinto et al., 2018; Thorne et al., 2013). Additionally, the 78 

decay rate of the remnant belt was consistent with the theoretical prediction of hiss wave 79 

scattering, suggesting that the pitch angle scattering caused by hiss waves may be the primary 80 

mechanism for the decay of the remnant belt (V. A. Pinto et al., 2019; Thorne et al., 2013). 81 

In addition to the ultra-relativistic electron three-belt structure, Hao et al. (2020) found that 82 

relativistic electrons could also form a similar structure. Subsequently, Y.-X. Li et al. (2021) 83 

supplemented the statistic results of three-belt events in the energy range of 735 keV–1.8 MeV 84 

based on Van Allen Probes data. They also compared the results with those obtained from ultra-85 

relativistic electron events. They found that three-belt events at energies ~< 1 MeV correlated 86 
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well with the SYM-H and AE (Auroral Electrojet) indices, indicating a potential relationship 87 

between substorm injection and the formation of the structure at these energies. 88 

The March 1991 sudden storm commencement (SSC) induced electron injection event (Blake et 89 

al., 1992; X. Li et al., 1993) and the event when the electrons were accelerated to ~2–6 MeV in 90 

the slot region during the 2003 Halloween storm (Baker et al., 2004; Y. Y. Shprits et al., 2006) 91 

changed the two-zone configuration of the radiation belts. The involvement of externally injected 92 

electrons is required to form the unusual structure in the 1991 events, moreover, injected 93 

electrons needed to reach a lower L shell (McIlwain L parameter) to fill the slot region partially 94 

(Baker et al., 2013; Blake et al., 1992; X. Li et al., 1993; Yuri Y. Shprits et al., 2013). In contrast, 95 

electrons were required to be accelerated in the slot region to form a new belt during the 96 

Halloween storm event (Baker et al., 2004; Y. Y. Shprits et al., 2006). The radiation belts during 97 

the two events mentioned above exhibited distinctly different structures from the three-belt 98 

structures formed by the depletion of the upper part of the preexisting outer belt and the 99 

replenishment of the new outer belt. 100 

In this study, with the support of Arase (also known as the ERG, Exploration of energization and 101 

Radiation in Geospace) observation, we show that the source (~30–200 keV) and seed (~200–102 

500 keV) electrons (Koskinen & Kilpua, 2022, p. 214) at ~100–500 keV could also exhibit the 103 

three-belt configuration, in addition to the existence of the three-belt structures in the energy 104 

range above 600 keV. This discovery provides observational evidence for a source and seed 105 

electron three-belt structure. Our study also indicates that this type of three-belt structure differed 106 

from the aforementioned relativistic and ultra-relativistic ones in that its main mechanism may 107 

be the loss of the outer belt partially and the formation of the new outer belt by lower energy 108 

substorm-injected electrons. Our work is a complementary observation of the electron three-belt 109 
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structure in radiation belts that would likely help to improve the understanding of the radiation 110 

belt structures. 111 

2 Data and Instruments 112 

This study uses solar wind parameters, geomagnetic indices, and electron flux data. Specifically, 113 

the solar wind parameters are the Interplanetary Magnet field (IMF) magnitude Bt and its GSM 114 

(Geocentric Solar Magnetospheric coordinate system)-z component Bz, solar wind dynamic 115 

pressure Pdyn, and solar wind velocity Vsw. The geomagnetic indices are SYM-H (symmetric H-116 

component) and SME (Newell & Gjerloev, 2011a, 2011b). The electron flux data are obtained 117 

from HEP-L (High-Energy Electron Experiments) onboard the Arase satellite and MEPED 118 

(Medium Energy Proton and Electron Detector) aboard the NOAA-18 satellite.  119 

HEP-L detects electrons across 16 energy channels (70 keV–1 MeV), 15 pitch angle channels, 120 

and 16 azimuthal angle channels (Mitani et al., 2018b; Miyoshi et al., 2018b). We utilize its 121 

level-2 omnidirectional flux data (version v03_01, Mitani et al., 2018a) and level-3 orbit data 122 

(version v02, Miyoshi & Jun, 2018). Thanks to its orbit, HEP-L covers L < 7  and can detect 123 

most radiation belts in situ with a temporal resolution of 8 s (Mitani et al., 2018b), where L is the 124 

McIlwain’s L parameter (McIlwain, 1961) for 90° pitch angles derived from the International 125 

Geomagnetic Reference Field model (Alken et al., 2021) and the Olson-Pfitzer Quiet model 126 

(Olson & Pfitzer, 1977). MEPED is mounted on the LEO (Low Earth Orbit) satellite, which 127 

orbits at an altitude of ~850 km. The instrument provides integrated flux at four energy channels 128 

above ~40 keV from the 0° and 90° telescope (Evans & Greer, 2004). The 0° telescope orients 129 

along the local zenith. Hence, it almost measures precipitating electrons at high latitudes. While 130 

the 90° telescope is mounted orthogonally to the 0° detector and is anti-parallel to the satellite 131 
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velocity vector, measuring trapped electrons at high latitudes (Babu et al., 2022; Evans & Greer, 132 

2004; Kim et al., 2016) This study uses its version v01 data with 2 s resolution. 133 

Data processing is applied to facilitate the analysis in this study. For the HEP-L data, a 180-data 134 

window (corresponding to 24 min) of the Hampel filter (e.g., Davies & Gather, 2012; Pearson et 135 

al., 2016) is used for outlier removal (outliers are deleted directly) followed by a 45-data window 136 

(corresponding to 6 min) of sliding average for data smoothing. While for the NOAA-18 data, 137 

only a sliding average of 120-data window (corresponding to 4 min) is applied. Notice that only 138 

the processed flux data are used in this work. 139 
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3 Results 140 

 141 
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Figure 1. Solar wind parameters, geomagnetic indices, electron fluxes in the Arase HEP-L 95.0 142 
keV energy channel and NOAA-18 MEPED 90° detector >130 keV energy channel during the 143 
source and seed electron three-belt event in the radiation belts in October 2020. (a)–(e) SYM-H, 144 
SME, Bt and Bz, Pdyn, and Vsw. (f) The electron differential flux with a central energy of 95.0 keV 145 
measured by the Arase HEP-L detector. The blue rectangles at the top indicate periods when two 146 
peaks are present in L profiles of the outer belt and others (cyan for one peak and red for three or 147 
more peaks) referring to Y.-X. Li et al. (2021). (g) >130 keV electron integrated flux measured 148 
by the NOAA-18 MEPED 90° detector. 149 

3.1 Solar Wind and Geomagnetic Conditions for the Event 150 

Figure 1 shows the geomagnetic indices (SYM-H, SME) and solar wind (Bt, Bz, Pdyn, Vsw) 151 

parameters from 4 to 25 October 2020, with 95.0 keV electron differential flux detected by the 152 

HEP-L detector and >130 keV electron integrated flux measured by the MEPED 90° detector. In 153 

Figure 1f, the blue rectangles depict instances where the L profiles of fluxes detected by Arase in 154 

the outer belt demonstrate two peaks, following the three-belt event criterion from Y.-X. Li et al. 155 

(2021). If the profiles don’t meet this criterion, they are marked as having one peak or more than 156 

two peaks using cyan and red rectangles, respectively, based on the number of peaks with fluxes 157 

surpassing one-tenth of the maximum peak fluxes. Furthermore, if only two such peaks exist and 158 

their L-shell differs by less than 0.5, they are combined into one peak. 159 

Figure 1a shows that from 5 to 6 October, the SYM-H index underwent a two-step decrease, 160 

reaching a minimum value of ~ -40 nT; Bt increased slowly with a dip at about 18:00 UT on 5 161 

October; Bz exhibited a gradual increase followed by a brief decrease, then a final increase before 162 

falling to ~0. Meanwhile, Vsw increased and decreased slowly. These variations indicate an 163 

occurrence of a small storm. During the storm, several substorm injections indicated by SME 164 

occurred, and the injected electrons reached the inner magnetosphere, causing a transient double-165 

peak distribution in the outer belt (as shown with blue rectangles at the top of Figure 1f). 166 

Following the storm, there was a continuous increase in 95.0 keV electron flux in the outer belt 167 

of L > 4 for ~1.5 days. The dynamic pressure (Figure 1d) enhanced the magnetopause current 168 
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and made the SYM-H increase to ~20 nT around 12:00 UT on 7 October. Then the SYM-H 169 

rapidly decreased to 0 and maintained small (~< 10 nT) fluctuations. Although the positive Bz 170 

did not trigger any obvious storms or substorms, 95.0 keV electron flux seemed to decrease 171 

subsequently. 172 

The lack of valid Arase observation from 10 to 15 and 18 October is complemented by the 173 

NOAA-18 90° detector >130 keV electron flux data in Figure 1g. The low flux region varying 174 

with time appearing at L = 4–8 in panel (g) could be due to the pitch angle acquired by the 175 

detector and asymmetry in the latitudinal and longitudinal distribution of the radiation belt 176 

electrons in LEO (Zou et al., 2006). NOAA-18 observation indicates that the outer belt >130.0 177 

keV electrons seemed to experience a slow decay during this period. The region with fluxes 178 

more than 105 cm-2s-1sr-1 changed from L ~ 3.5–9.0 at 12:00 UT on 8 October to L = 3.5–6.5 at 179 

00:00 UT on October 18. The contraction of the outer belt made it possible for electrons 180 

appearing near L = 6 to exist in isolation without combining with the preexisting outer belt, 181 

which is a precondition for the formation of the three-belt event. 182 

3.2 Identification and Destruction of the Event 183 

As Figure 1b shows, the SME increased to ~500 nT at about 06:00 UT on 17 October, indicating 184 

the occurrence of substorms (with more signatures discussed in Section 3.3). This was followed 185 

by a sudden enhancement of the electron flux in L~ 6–8, indicating a possible injection of source 186 

and seed electrons. However, the duration of this structure is uncertain due to the absence of 187 

Arase data on 18 October. At about 12:00 UT on 19 October, multiple substorms occurred with a 188 

sudden 1.5-day enhancement of the 95.0 keV electron flux near L = 7 to form a persistent 189 

structure. This structure separated from the original outer belt in L space and formed a new belt 190 

after 00:00 UT on 20 October. This belt, together with the original outer radiation belt (i.e., the 191 
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remnant belt), the low flux region between the two belts (the second ‘slot region’), the inner belt, 192 

and the slot region, formed the so-called three-belt structure, which we confirmed using the 193 

criterion established by Y.-X. Li et al. (2021). The enhanced SME and 95.0 keV electron flux at 194 

about 00:00 UT on 22 October indicated a substorm injection event, about which we show more 195 

details in the next section. This also led to the formation of a three-belt structure lasting for ~ 36 196 

hours. 197 

Unless a new injected population arrived, the injected electrons were not bound around L = 6 for 198 

long (~> 1.5 days). As shown in Figure 1f, the electron flux injected at 0:00 UT on 22 October 199 

decreased after injection, reaching a low level at 12:00 UT on 23 October near L = 6. The 200 

subsequent increase in electron flux during the next 6 hours may be due to the new injection and 201 

will not be discussed in detail here. At around 12:00 UT on 23 October, a sudden increase in Bt, 202 

Pdyn, and Vsw indicated the arrival of a shock near the Earth, which resulted in a magnetic storm 203 

of about -50 nT at the smallest SYM-H, followed by several substorms. The electron flux at L ~ 204 

6 soon reached ~104.5 cm-2s-1sr-1keV-1, and the ‘second slot’ was filled so that the electron 205 

radiation belts no longer exhibited a three-belt structure.  206 

 207 
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 208 

Figure 2. Energy spectra of the radiation belt electrons with three series of zoom-in views of 209 
SME index, electron fluxes versus time, as well as electron fluxes versus time and L shell from 210 
16 to 25 October 2020. (a)–(f) electron energy spectra of Arase observation during different 211 
periods; (g) zoom-in view of 95.0 keV electron flux from Arase observation, the ‘*’ and ‘a’–‘f’ 212 
mark the start of the L profiles corresponding to panel (a)–(f). The rectangles at the top serve the 213 
same purpose as in Figure 1f. (h)–(j) zoom-in views of SME index during three periods; (k)–(m) 214 
zoom-in views of electron fluxes versus time, triangles above the three panels mark the moments 215 
when 95.0 keV electron injections were observed, while diamonds mark the moments when drift 216 
echoes were observed; (n)–(p) zoom-in views of electron fluxes versus time and L shell. 217 

3.3 Observational Evidence of Main Substorm Injections and Energy Dependence of the 218 
Source Electron Three-belt Event 219 

In this section, we investigate the energy dependence of the three-belt structure and provide more 220 

observational evidence of several obvious substorm injections. Figure 2 shows the energy spectra 221 

of the radiation belt electrons with zoom-in views from 16 to 25 October 2020. The rectangles at 222 

the top of Figure 2g perform the same function as in Figure 1f, and the ‘*’ in this panel indicates 223 
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the start of the L profiles we have selected. White areas in panels (a)–(f) represent invalid data 224 

due to invalid counts and removed outliers, while gray areas indicate the background. Figures 225 

2h–2p show signatures of several injections with triangles above Figures 2k–2m marking the 226 

moments when 95.0 keV electron injections were observed, while diamonds marking the 227 

moments when drift echoes were observed. In Figure 2a, the 100–300 keV electrons show a clear 228 

double-peak structure, i.e., an inner belt with L < 3 and an outer belt with L ~> 3.5. The flux data 229 

of electrons with energy above 900 keV is not shown here. Besides, due to the limitation of the 230 

data quality and the variation of the inner belt with energy, it is not easy to distinguish the inner 231 

belt of electrons above 500 keV. However, since this paper focuses on the preexisting outer belt 232 

and the new outer belt of source and seed electrons, these limitations do not affect the 233 

conclusions. 234 

Between about 05:00 UT on 17 and 00:00 UT on 22 October (after the corresponding moment of 235 

Figure 2a and before that of Figure 2b), three typical electron injection events occurred (at about 236 

05:00 UT on 17, 12:00 UT on 19, and 07:00 UT on 21 October, respectively, ignoring 18 237 

October due to missing data). Figures 2h, 2k and 2n show more details about the third injection, 238 

in which energy dispersion and drift echo signatures could be observed. These injections resulted 239 

in double-peak or even multi-peak (three peaks or more) structures in the outer belt. The multi-240 

peak structures appeared soon after the substorm-injected electrons reached the inner 241 

magnetosphere, probably drift echoes of the injected electrons or a new less obvious injection as 242 

is shown in Figure 2k. The double-peak structure persisted for about 24 hours after the second 243 

injection, meeting the criterion for a three-belt event established by Y.-X. Li et al. (2021). To 244 

analyze the response of electrons with different energies during the event more coherently, we 245 
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focus more on the event starting at ~00:00 UT on 22 October with the three-belt structure lasting 246 

for ~36 hours. 247 

The SME index increased to ~500 nT at ~00:24 UT on 22 October, which may indicate a 248 

substorm injection. However, there was no injection signature observed by Arase due to its 249 

location at this moment. About 2.5 hours later, the 95.0 keV electrons increased, probably drift 250 

echoes corresponding to the previous substorm injection as is shown in Figure 2l. This indirectly 251 

proved the occurrence of the substorm injection at 00:24 UT.  As Figure 2b shows, this injection 252 

led to three or more peaks in the outer belt for L ~ 3–7 with energies less than ~250 keV and two 253 

peaks in the outer belt for electrons with energies between 250 and 700 keV. While for the 254 

higher energy, the flux did not increase significantly around L = 6, indicating that there are 255 

relatively few electrons with this energy in the injected population. Therefore, the outer belt 256 

failed to show a double-peak structure. Figure 2c–2e shows the preexisting outer belt near L ~ 4 257 

and the new outer belt at L ~ 6.5 with an energy range of 100–700 keV during the event.  258 

Around the start of the period shown in Figure 2f, the arrival of a shock triggered a magnetic 259 

storm with a minimum SYM-H of ~-50 nT and several substorms with a maximum SME of 260 

~1000 nT (Figure 1a–1b), accompanied by onsets of injection events. As shown in Figure 2f, the 261 

outer belt of electrons with energies of 100–700 keV showed more than three peaks, indicating 262 

that electron injection accompanied by recurrent drift echoes occurred in these energy channels, 263 

with more signatures shown in Figure 2j, 2m and 2p. Around 12:00 UT on 24 October, multiple 264 

peaks in the outer radiation belt merged, and the radiation belts reverted to the typical double-265 

belt structure (Figure 2g and curve #8 in Figure 3a). 266 
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 267 

Figure 3. Evolution of the 95.0 keV electron flux from 16 to 25 October 2020. (a) Variation of 268 
95.0 keV electron flux measured by Arase with time and L-value (in the form of a graph), colors 269 
of the different curves correspond to different periods; (b) Variation of 95.0 keV electron flux 270 
measured by Arase with time and L-value (in the form of a scatter plot), the function of the 271 
rectangles at the top is the same as in Figure 1f and Figure 2g. 272 

3.4 Evolution of the Source and Seed Electron Three-belt Event 273 

In this section, we present the 95.0 keV electron differential flux with time to show the evolution 274 

of this event in detail. As in Figure 1f and Figure 2g, the 95.0 keV electron flux and rectangles 275 

indicating the number of peaks in the outer belt are also shown in Figure 3b to give an overview 276 

of the event and to indicate the chosen profiles. 277 

We show eight typical curves in Figure 3a. The first curve marked in white indicates the 278 

variation of the electron flux with the L-value before injections when the radiation belts did not 279 

exhibit a three-belt structure. Although there was a peak in the flux around L = 6.2 during this 280 
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time, we only consider this as a nominal one-peak structure in the outer belt because the 281 

corresponding electron flux is less than 0.1 of the peak flux (Y.-X. Li et al., 2021), and all similar 282 

configurations are not considered as a double-peak structure in the outer belt. For the absence of 283 

data and the ignoring of events with shorter duration, we focus on the longest sustained event 284 

that occurred at ~00:00 UT on 22 October. As shown in Figure 3a, curve #2 shows multiple 285 

peaks, which may originate from injection populations and the corresponding drift echoes 286 

(Figure 2l). Curve #3 shows that the multi-peak structure of the outer belt had merged. Due to 287 

the limitation of the satellite orbit, this curve only extended to L ~ 7. However, thanks to the 288 

presence of a clear peak at L = 4 and the disappearance of multi-peak structure around L = 4–7, 289 

we can still conclude that a double-peak structure appeared in the outer belt at that time, i.e., the 290 

three-belt structure began to emerge. 291 

Curves #3–#6 curves exhibited double-peak structures (ignoring the dip in curve #5 due to 292 

failure count at L ~ 4) with a time difference of more than one day, confirming a valid 95.0 keV 293 

three-belt event occurred. The peak flux in the third belt decreased, while that in the remnant belt 294 

didn’t decrease monotonically, except when checked over a longer period. Curve #7 again shows 295 

multiple peaks, which may also be due to a new injection as well as the corresponding drift 296 

echoes (Figures 2m and 2p), and also implies the disappearance of the three-belt structure. Curve 297 

#8, starting at 13:24 UT on 24 October, shows that the multi-peak structure merged with the 298 

remnant belt, and the radiation belts finally returned to the double-belt structure. 299 

4 Discussion 300 

Compared to relativistic and ultra-relativistic three-belt events that occurred without direct 301 

injection, the main distinguishing feature of the event in this study may lie in the energy in which 302 
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it occurred. The lower energy may determine the mechanism behind the formation of the new 303 

outer belt and the duration of the entire structure.  304 

In the present observation, the new outer belt of the three-belt event may originate directly from 305 

injections rather than from the gradual replenishment so that this structure could form within a 306 

few hours after injections. In contrast, in three-belt events without corresponding energy electron 307 

injections (including relativistic and ultra-relativistic electrons), the new outer belts are 308 

replenished more slowly, which may originate from the inward radial diffusion caused by ULF 309 

waves and the local acceleration caused by VLF waves (Loto'aniu et al., 2010; Mann et al., 2018; 310 

Mann et al., 2016; Yuri Y. Shprits et al., 2018; Yuri Y. Shprits et al., 2013; D. L. Turner et al., 311 

2013; Drew L. Turner et al., 2012). The substorm-injected source and seed electrons may be 312 

accelerated to become relativistic. Consequently, the new outer belts in relativistic and ultra-313 

relativistic three-belt events may come from the acceleration of lower energy electrons from 314 

injections in some cases. 315 

The duration of the structure in relativistic and ultra-relativistic three-belt events without direct 316 

injections may be determined by the duration of the remnant belt unless a strong perturbation 317 

destroys the structure. In such cases, the structure usually disappears only when the remnant belt 318 

vanishes. In addition, the hiss scattering influences the duration of the relativistic and ultra-319 

relativistic electron remnant belts (V. A. Pinto et al., 2019; Thorne et al., 2013). For the source 320 

and seed electron three-belt event reported here, the decay of the new outer belt may be faster 321 

than that of the remnant belt due to scattering to the atmosphere or being accelerated to higher 322 

energies. Consequently, the duration of this structure may depend more on the duration of the 323 

new outer belt than that of the remnant belt. However, the ~100–500 keV electrons are also 324 

vulnerable to loss due to hiss wave scattering (Ma et al., 2016). The remnant belt in this study 325 
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lasts for more than a week, which is much longer than the duration of the belt in the ~600 keV 326 

three-belt event reported by Hao et al. (2020). The difference in remnant belt duration between 327 

the two events could be attributed to the intensity of the hiss and chorus waves as remnant belts 328 

may not always be inside the plasmasphere. However, this is not discussed in detail in this paper 329 

and could be a topic for future research. 330 

5 Conclusions 331 

In this study, we report a source and seed electron three-belt event in the radiation belts. Our 332 

conclusions are listed as follows:  333 

1. Two source and seed electron three-belt events occurred with a maximum duration of 1.5 days 334 

after several substorms indicated by the SME and a sudden increase of 95.0 keV electrons from 335 

19 to 24 October. 336 

2. The electron three-belt structures are not strictly confined to relativistic (~> 500 keV) or ultra-337 

relativistic (>2 MeV) energies. Source and seed electrons may also exhibit a similar structure. 338 

3. Source and seed electron injection may induce the formation of a three-belt event preceded by 339 

partial loss of the preexisting outer belt. 340 

4. The vanishment of the new outer belt or a new injection may disrupt the three-belt structure. 341 
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