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Abstract:  27 

Since the discovery of the Van Allen radiation belts over 50 years ago, an explanation for 28 

their complete dynamics has remained elusive. Especially challenging is understanding the 29 

recently discovered ultra-relativistic third electron radiation belt. Current theory asserts 30 
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that loss in the heart of the outer belt, essential to the formation of the third belt, must be 31 

controlled by high-frequency plasma wave-particle scattering into the atmosphere, via 32 

whistler mode chorus, plasmaspheric hiss, or electromagnetic ion cyclotron waves. 33 

However, this has failed to accurately reproduce the third belt. Using a data-driven, time-34 

dependent specification of ultra-low frequency (ULF) waves we show for the first time how 35 

the third radiation belt is established as a simple, elegant consequence of storm-time 36 

extremely fast outward ULF wave transport. High frequency wave-particle scattering loss 37 

into the atmosphere is not needed in this case. When rapid ULF wave transport coupled to 38 

a dynamic boundary is accurately specified, the sensitive dynamics controlling the 39 

enigmatic ultra-relativistic third radiation belt are naturally explained. 40 

Text:  41 

Introduction 42 

Since their accidental discovery at the beginning of the space race 
1
, the processes responsible for 43 

the dynamics of the relativistic (>~ 500 keV) and ultra-relativistic (>~ 2MeV) electron 44 

populations in the Earth’s Van Allen radiation belts have been hotly debated 
2, 3

. It is generally 45 

understood that the belt dynamics arise from a delicate balance between acceleration, transport, 46 

and loss 
4
, with some recent modern studies highlighting a potential importance for high 47 

frequency wave-particle interactions 
5, 6

 over traditional radial transport 
7
 or ultra-low frequency 48 

(ULF) wave-particle resonance 
8
 for relativistic electron acceleration in the inner 49 

magnetosphere
9
. Concerning loss, in the main phase of geomagnetic storms, a puzzling and 50 

poorly understood rapid loss is often observed deep in the heart of the radiation belt, see e.g., the 51 

review by Turner et al. 
10

, followed by a replenishment of relativistic electron flux in the form of 52 

a distinct newly accelerated population. The recent discovery of an unexpected and puzzling 53 
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third Van Allen belt 
11

, especially clear at ultra-relativistic energies, provides additional 54 

challenges and new opportunities for understanding the dominant processes controlling belt 55 

dynamics especially by employing data of unprecedented resolution available from the two 56 

NASA Van Allen Probes following their launch on 30 August 2012 
3
.  57 

 58 

Explaining the enigmatic third radiation belt requires electrons to be rapidly lost in the main 59 

phase of geomagnetic storms, either by rapid scattering into the atmosphere by high frequency 60 

plasma wave-particle interactions, or alternatively through rapid loss out through the 61 

magnetopause in a process termed magnetopause shadowing 
12

. Up until now, neither of these 62 

processes has provided a satisfactory explanation although recent modelling excluding the 63 

effects of ULF wave transport has improved our understanding of the storm-time loss of 64 

electrons from the outer zone 
13

. The standard paradigm concludes that at lower L-shells (e.g., 65 

around L~<4, where L is the equatorial crossing point of a dipole magnetic field in units of Earth 66 

radii) the particles must have been scattered into the atmosphere by high-frequency plasma 67 

waves such as whistler mode chorus, plasmaspheric hiss, or electromagnetic ion cyclotron 68 

(EMIC) waves 
14, 15

. Although magnetopause shadowing losses can occur at high L-values 
16

, the 69 

magnetopause even when compressed is usually deemed to be too distant for electrons in the 70 

heart of the outer belt to be lost there on the timescale observed. Recently, Shprits et al.
17

 71 

concluded that radial diffusion was not sufficient to establish the ultra-relativistic third belt 72 

morphology, and determined that EMIC loss confined to narrow L-shells in the heart of the outer 73 

belt was required. However, as described by Usanova et al.
18

, such EMIC waves alone cannot 74 

affect the core of the ultra-relativistic equatorial pitch angle distribution at large pitch angles 75 

(pitch angle is the angle between the particle velocity and the background magnetic field), so 76 
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EMIC waves alone are unlikely to explain the loss of particles at all pitch angles required for the 77 

formation of the third radiation belt. Here we present an explanation for dominant ultra-78 

relativistic electron dynamics and the generation of the third radiation belt through extremely fast 79 

ULF wave transport; very strong and rapid ULF wave coupling between the flux at the outer 80 

boundary and the dynamics of the interior belt are revealed thereby also explaining the formation 81 

of the third belt. Despite being an extensive focus of prior research, no high frequency wave-82 

particle interaction losses are needed in this case. Similar transport will contribute to ultra-83 

relativistic energetic particle dynamics in other astrophysical plasma regimes which are 84 

perturbed by time-dependent magnetic fields, stellar winds and/or plasma flows. 85 

 86 

Results 87 

Figure 1 presents an overview of the characteristics of the solar wind, and the resulting response 88 

in near-Earth space for the month of September 2012. On 2
nd

 September 2012, losses deep in the 89 

outer electron radiation resulted in the outer belt being split in two, subsequently producing a 90 

morphology consisting of three distinct belts reported by Baker et al. 
11

. The period was 91 

associated with only a moderate geomagnetic storm (minimum Dst = 74 nT; Figure 1(a)), 92 

driven by an extended period of southward interplanetary magnetic field (IMF) during the storm 93 

main phase (Figure 1(d)) which preceded a period of repeated large solar wind dynamic pressure 94 

increases over the next several days. The dynamic pressure increases only arrived later during 95 

the storm, first impacting the Earth around 12 UT on 3
rd

 September 2012 and continuing into the 96 

6
th

 September 2012. Throughout the storm the solar wind speed remained relatively modest and 97 

only rose to exceed 500 kms
-1

 for a brief interval. The compression of the magnetosphere was 98 

seen by the GOES satellites at geosynchronous altitudes (Figure 1(f)), increasing the magnitude 99 
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of the dayside magnetic field well above the typical value of ~100 nT, and decreasing it on the 100 

nightside due to significant stretching of the magnetotail. This was accompanied by a strong 101 

compression of the Shue et al. 
19

 model subsolar magnetopause location to L~6 (Figure 1(e)) 102 

around 12 UT on 3
rd

 September.  103 

 104 

Figure 1(g) shows the ultra-relativistic radiation belt response of the omni-directional 3.4 MeV 105 

energy differential flux as measured by Relativistic Electron Proton Telescope (REPT) 
20

, part of 106 

the Energetic, Composition and Thermal (ECT) instrument suite 
21

 on-board Probe A from the 107 

NASA Van Allen Probes mission 
3
. This panel shows how the ultra-relativistic outer radiation 108 

belt becomes split into two separate zones, as described but not explained by Baker et al. 
11

, with 109 

a long-lived isolated ―storage ring‖ left as the remnant of the outer zone before a new but distinct 110 

outer belt is reformed at higher altitudes. These two distinct outer electron belts, and the more 111 

stable inner zone dominated by energetic ions 
22

, form a three-belt morphology. The feature of 112 

the isolated storage ring 
11

 at the inner edge of the outer zone then decays only very gradually 113 

over a period of around 20 days or more as a result of slow losses due to plasmaspheric hiss 
23

. 114 

Significantly, the loss observed at the start of the storm occurs in the heart of the outer zone, 115 

reaches inwards to radial distances of L<4 , and is associated with a long interval of almost 116 

continuous strongly southward IMF. Later after around 12 UT on 3
rd

 September is there a large 117 

increase in solar wind dynamic pressure (Pdyn) which results in compression of the Shue et al. 118 

model magnetopause to around L=6 and further radiation belt losses to L < 3.5. Nonetheless, 119 

even after the impact of the enhanced solar wind dynamic pressure a large distance remains 120 

between the Shue et al. model magnetopause location and the inward extent of the loss in the 121 

heart of the Van Allen belt. This large distance to the magnetopause, which during the losses on 122 
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the 2
nd

 September remained at L >= 9, might lead one to naively conclude that the magnetopause 123 

does not therefore play a role in the loss. However, as we show here, extremely fast outward 124 

radial transport to the magnetopause enabled by ultra-low frequency (ULF) waves actually cause 125 

this near-Earth loss and is ultimately fundamental to the generation of the third belt. 126 

 127 

ULF waves have long been hypothesized to be responsible for the radial transport of relativistic 128 

electrons through work done on them by the fields and which causes them to move inward (or 129 

outward) as they are accelerated (or decelerated) 
24-27

. Stochastically, depending on the local 130 

gradient of the phase space density, the net result is an inward 
28

 or outward 
16, 29, 30

 radial 131 

diffusive transport. The rates of ULF wave driven radial diffusion are characterized through a 132 

diffusion coefficient which is proportional to the perturbing ULF wave power. The details of the 133 

timescale of response of the belts to the diffusion equation (see for example 
7, 25, 31

) depend on 134 

both the local phase space density gradient and the magnitude of the diffusion coefficient. For 135 

electric field diffusion, which dominates (see e.g., Ozeke et al. 
25

 and references therein), the 136 

diffusion coefficient scales as L
6
 in a dipole field and is additionally proportional to the ULF 137 

wave power at the drift resonance frequency at the energy of the particles concerned. In the 138 

model presented here, observational characterization of ULF wave power as a function of L* 139 

multiplied by an electric diffusion coefficient with an assumed L*
6
 dependence is used to model 140 

the dynamics of ultra-relativistic electrons under the action of ULF wave diffusion. 141 

 142 

ULF wave power is typically described using an empirical 
28

 or statistical 
25, 26

 relationship to a 143 

geomagnetic index such as Kp. However, by definition such averages neglect the extremes of the 144 

distribution. A more accurate representation of the transport can be obtained by using the 145 



 

7 

 

observed ULF wave power and this is the approach adopted here using data from the ground-146 

based magnetometer stations listed in Supplementary Table 1 (available online). As shown in 147 

Supplementary Fig. 1 (available online), the ULF wave power during the main phase of this 148 

storm is at times orders of magnitude larger than that derived from statistical ULF wave power 149 

parameterizations as a function of activity indices derived from the whole solar cycle,  and this 150 

can have an effect which is both fundamental and drastic.  151 

 152 

Figures 2 and 3 show the impacts of using observed ULF wave power in our dynamical model of 153 

the ultra-relativistic radiation belt. Note that this model excludes any effects from local whistler 154 

mode chorus acceleration
32

. The radiation belt dynamics shown in Figure 2 and 3 were 155 

calculated using a one dimensional radial diffusion model as a function of the Roederer L* drift 156 

co-ordinate 
33

.The flux at constant energy is calculated from the phase space density from 157 

multiple first adiabatic invariant conserving radial diffusion simulations using conversion based 158 

on the L* and time-dependence of the Tsyganenko 04D magnetic field model interpolated to 159 

regular energy to generate flux at fixed energy channels for direct comparison with observations. 160 

The model is driven by an outer boundary condition at L*=5.25 comprising observed electron 161 

flux spectra and with radial transport driven by observed ULF wave power. The ULF wave 162 

electric field power, which drives the electron transport, is estimated using data from ground-163 

based magnetometers and mapped from the ground through the ionosphere and into the 164 

equatorial plane electric field 
34

. Since ULF wave power typically peaks in the dawn local time 165 

sector, mapping from the ground magnetometer stations to L* is completed  in the 0600 166 

magnetic local time (MLT) sector to impose the ULF transport in the model. The effects of 167 

plasma wave scattering into the atmosphere from plasmaspheric hiss and chorus waves, inside 168 
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and outside the plasmapause, are included (excluded) in the model output in the middle (bottom) 169 

panels of Figures 2 and 3 (see Supplementary Information, available online, for more details).  170 

 171 

The differential flux at the outer boundary was specified using data from the REPT instrument. 172 

Note that during the loss interval, the lower energy magnetic electron spectrometer (MagEIS) on 173 

the Van Allen Probes had yet to be commissioned such that no MagEIS data is available to 174 

specify the outer boundary condition from Van Allen Probes data at lower energies. Note that 175 

particles in the MagEIS energy range do not significantly alter the flux above 3.4 MeV above 176 

L=2.  Since loss from outward radial diffusion relies on an inward local gradient in phase space 177 

density, the value of the phase space density at the outer edge of the outer radiation belt is 178 

critical. Significantly, a period of low electron flux at the outer boundary plays a crucial role in 179 

the outward electron transport by ULF waves and results in the generation of the third radiation 180 

belt. In our simulation the outer boundary is assumed to be effectively devoid of flux as a result 181 

of loss through the magnetopause from 12UT on 2 September until it recovers at 15 UT on 5
 

182 

September 2012 (see > 2 MeV geosynchronous GOES satellite data in Supplementary Fig. 2 183 

available online) after which time the flux is again constrained by observations. The simulation 184 

is started at 12 UT on 1
st
 September, with simulation results from 00 UT on September 2

nd
 being 185 

shown in Figures 2 and 3 (further details of the methodology are provided in Supplementary 186 

Information available online). 187 

 188 

Given that the range of observed ultra-relativistic differential fluxes spans four orders of 189 

magnitude the agreement between the absolute fluxes from the model and those observed by 190 

REPT shown in Figures 2 and 3 is excellent. At 3.4 MeV the storage ring produced by our model 191 
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is very distinct, has a sharp boundary like that seen in the data; however, there are some 192 

uncertainties in the mapping which should be used to transform the observed ground-based ULF 193 

wave power below L~4 into equatorial electric fields mostly because the mapping of wave power 194 

from the ground to space there is less well-constrained than at higher L (see also further 195 

discussion in the Supplementary Information available online). Nonetheless, the agreement at 196 

both energies is extremely good with the three belt structure being very clear. Importantly, in 197 

order for the third belt structure to be established, the ULF wave power needs to be strong 198 

enough (and penetrate sufficiently deeply) during a period when the outer boundary also remains 199 

devoid of flux. This interaction is rather sensitive such that refilling can sometimes merge the 200 

outer part of the belt with the remnant storage ring, and in that case only a two belt, rather than a 201 

three-belt, morphology results. As is abundantly clear in Figures 2 and 3, especially comparing 202 

the middle and bottom panels, neither chorus nor hiss waves are responsible for the third belt 203 

morphology although of course these losses can have a weak affect by generating some changes 204 

and specifically a slow decay of the flux 
23

. Since EMIC wave effects are excluded in all model 205 

runs, they are not required to explain the generation of the third belt morphology either. 206 

 207 

Supplementary Fig. 3 (available online) shows details of the electron phase space density profiles 208 

for nearly equatorially mirroring electrons observed by the Van Allen Probes with a first 209 

adiabatic invariant of 2500 MeV/G calculated using the method described by Boyd et al.
35

. As is 210 

clearly shown, the gradient of the phase density clearly reverses from the outward gradient 211 

before the storm, to containing a steep inward gradient during the period of the strong electron 212 

losses which is generated by ULF wave coupling to the low phase space density at the outer 213 

boundary. This demonstrates that enhanced ULF wave outward diffusion caused the loss of 214 
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particles down to at least L*~3.3 (this is discussed further in Supplementary Information 215 

available online). Following the losses, and the recovery of the flux at the outer boundary, ULF 216 

waves can then also cause inward transport, acceleration and refilling of the outer part of the 217 

outer zone as a result of inward ULF wave radial diffusion. The model results demonstrate that 218 

ULF wave acceleration and transport also reproduces the subsequent recovery of radiation belt 219 

fluxes in good agreement with observations. Note that the model results shown in Figures 2 and 220 

3 do not include any effects from chorus wave acceleration. Moreover, across the L* values 221 

sampled by the Van Allen Probes and at the value of the first invariant shown in Supplementary 222 

Fig. 3, there is also no evidence of a locally growing peak in phase space density such as that 223 

observed by Reeves et al. 
6
 which would be expected to accompany local chorus wave 224 

acceleration. Similar behavior, and phase space density gradient reversals without local peaks are 225 

also seen in higher first invariants up to at least 4000 MeV/G (not shown).  226 

 227 

Fast ULF Wave Outward Radial Diffusion  228 

Overall our results show that both the dynamical variation of the outer boundary condition and 229 

the strength of storm-time ULF wave power are very important for accurately characterizing 230 

radiation belt dynamics and for establishing a third belt. This can be understood in terms of the 231 

consequences of the magnetospheric impact of the leading edge of the solar wind drivers. The 232 

southward IMF and compression, arising from the impact of interplanetary coronal mass 233 

ejections or fast solar wind stream interfaces, erode the magnetopause through dayside magnetic 234 

reconnection and further compress the magnetopause inwards. However, as described for 235 

example by Hudson et al. 
14

, the magnetopause location does not typically reach the inner 236 

magnetosphere. Indeed in the case presented here, very significant loss occurs in the early part of 237 
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the storm and in advance of the impact of the strong dynamic pressure pulses and the resulting 238 

magnetopause compression to lower L. Significantly, such solar wind drivers produce very large 239 

amplitude ULF waves
27

 and hence can generate extremely fast outward radial transport to even a 240 

relatively distant magnetopause, leaving only a small remnant belt (i.e., the ―storage ring‖). 241 

Together with subsequent replenishment of the outer parts of the belt, which does not reach the 242 

storage ring, this naturally explains the production of the three belt structure. Fast ULF wave 243 

transport may also explain the correlation between the locus of the superposed model 244 

magnetopause location and the locus of the outer edge of the outer zone radiation belt seen in 245 

GPS satellite energetic electron count rates for sudden impulse events reported by Morley et 246 

al.
36

, even though they were separated by ~3-4 L-shells.  247 

 248 

The process of extremely fast ULF wave transport, loss through the magnetopause, and 249 

subsequent recovery is shown schematically in Figure 4. All prior studies to our knowledge, even 250 

those in sophisticated 3-D models such as VERB 
37

, the British Antarctic Survey (BAS) 251 

Radiation Belt mode 
38

, and Salammbo 
9
, have used either empirical radial diffusion coefficients 252 

such as presented by Brautigam and Albert 
28

, or solar-cycle statistical dependences of ULF 253 

wave power on geomagnetic indices to drive diffusion. All of these under-estimate the actual 254 

intense ULF wave power during the storm main phase, and therefore at such times these 255 

empirical representations probably should not be used to model the response of the belts (cf. 256 

Supplementary Fig. 1 available online). Such approaches naturally draw the conclusion, such as 257 

presented by reference 
39

, that ―depletion of the main phase relativistic electron fluxes at L ≤ 4 258 

can not be explained only by variations in fluxes near geosynchronous orbit‖. In contrast, our 259 

results show that at ultra-relativistic energies using observed ULF wave power can generate 260 
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sufficiently fast outward radial transport across the magnetopause to cause main phase loss 261 

leading to a three radiation belt morphology. In future, these models could be run using 262 

improved ULF wave-driven diffusion coefficients coupled to an accurately specified dynamic 263 

outer boundary condition to further validate their impact on three-dimensional belt morphology.   264 

 265 

As shown in Figures 2 and 3, at least when the outer boundary flux is constrained at L*=5.25, 266 

then the recovery of flux in the outer part of the belts can also be explained in our model by the 267 

inwards radial transport of a lower energy source population by ULF waves; no local 268 

acceleration from chorus waves at L*<5.25 is required. Of course, the processes which explain 269 

the temporal dynamics of the source population at the edge of our simulation are not examined 270 

here and remain very important. This includes coupling to the plasmasheet, and could also 271 

include the effects from local chorus wave accelerated sources outside the simulation domain 272 

examined here at L*>=5.25. So long as this ULF transport is sufficiently fast, the third belt 273 

morphology can be generated by a wide range of absolute ULF wave power so long as this 274 

enhanced power reaches the sufficiently low-L (see e.g., Supplementary Figures 4 and 5 and the 275 

additional discussion in the Supplementary Information available online). 276 

 277 

Previous attempts to explain the ultra-relativistic third belt have resorted to the inclusion of high 278 

frequency plasma wave scattering loss into the atmosphere from closed magnetic field lines in 279 

the heart of the outer belt. For example, Shprits et al. 
17

 required a narrow region of ―scattering 280 

by electromagnetic ion cyclotron waves to the Earth’s atmosphere‖ to explain the loss needed to 281 

establish the third belt in their model. However, as discussed by Usanova et al.
18

 such EMIC 282 

wave losses alone cannot affect the core of the ultra-relativistic electron distribution. Indeed, 283 
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with an accurate characterization of ULF wave transport coupled to a dynamic outer boundary, 284 

our results show clearly that such high frequency plasma wave effects are not needed to establish 285 

the three-belt morphology observed in September 2012 and reported by Baker et al..
11

 Shprits et 286 

al. 
17

 used radial diffusion coefficients defined by Brautigam and Albert 
28

 - but as shown clearly 287 

in Supplementary Fig. 1, this may fail to accurately represent the actual ULF wave transport. 288 

Moreover, as we have shown here, coupling to a correct specification of the time-dependence of 289 

the source population at the outer boundary is also of critical importance. Together, these are 290 

likely the reason why prior studies of ultra-relativistic belt dynamics have required the inclusion 291 

of complex high frequency wave-particle interactions to try to explain the generation of the 292 

enigmatic third belt. For this storm, the minimum Dst is moderate and hence the Dst-effect 293 

cannot explain the required loss at low-L either (see Supplementary Fig. 6 and the discussion 294 

which is available in Supplementary Information online).  295 

 296 

Elegant Ultra-Relativistic Belt Dynamics 297 

Occam’s razor states that ―Entities should not be multiplied beyond necessity‖ 
40

 while Sir. Isaac 298 

Newton offered in Rule Number 1 of his Rules of Reasoning in Philosophy that ―We are to admit 299 

no more causes of natural things than such as are both true and sufficient to explain their 300 

appearances‖ 
41

. Both of these apply to the generation of the structure of the ultra-relativistic 301 

third radiation belt. Unlike at lower energies (see e.g., Glauert et al.
38

 at around 1 MeV), for 302 

ultra-relativistic electrons the complexities of high frequency plasma wave atmospheric 303 

scattering from chorus, hiss, or EMIC waves are not required to define the dominant belt 304 

morphology at least in this case. Once the correct ULF wave physics is included the generation 305 

and dynamics of the ultra-relativistic third radiation belt are seen to arise as a natural, simple and 306 
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elegant consequence of the action of properly quantified ULF wave electron transport coupled to 307 

a dynamic outer boundary condition.  308 
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Figure Legends 452 

 453 

Figure 1. Overview of driving solar wind and magnetospheric response during the generation of 454 

the third radiation belt. Storm-time disturbance index (Dst), solar wind speed, dynamic pressure, 455 

and inter-planetary magnetic field (GSE z-component) (panels (a-d)); model magnetopause 456 

location from Shue et al. (panel (e)); Hp magnetic field component observed by GOES East (red) 457 

and West (blue) (panel (f)); and the 3.4 MeV electron flux observed by the REPT instrument on 458 

Van Allen Probe A (panel (g)) for the month of September 2012. The third ultra-relativistic Van 459 

Allen belt is clearly seen in the bottom panel. 460 

 461 

Figure 2. Comparison between observed and modelled period of third radiation belt generation at 462 

3.4 MeV. Observed (top) and modeled (bottom two panels) spin averaged electron flux as a 463 

function of L* from 2-15th September 2012. The middle panels shows the simulation run 464 

including not only ULF wave inward and outward radial diffusion, but also models for the Kp-465 

dependent chorus and hiss loss inside and outside the plasmaspause, respectively (see 466 

Supplementary Information available online for details). The bottom panel shows a simulation 467 

results with only inward and outward ULF wave transport, acceleration and loss, and with all 468 

high frequency chorus and hiss wave-particle losses switched off. The model also does not 469 

include any effects from chorus wave acceleration or EMIC wave loss.  470 

 471 

Figure 3. Comparison between observed and modelled period of third radiation belt generation at 472 

5.2 MeV. Same format as Figure 2. 473 

 474 
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Figure 4. Schematic of the time series of the processes generating the third radiation belt. (a) 475 

Solar wind drivers including southward IMF followed by solar wind compression impact the 476 

magnetosphere at the start of the storm with a pre-existing two radiation belt structure 477 

comprising a single outer (purple) and inner (green) belt; (b) intense ULF waves drive extremely 478 

fast outwards radial diffusion and loss from the heart of the outer radiation belt; (c) a remnant 479 

storage ring at the inner edge of the outer zone remains; (d) the outer parts of the belts are 480 

replenished to form a new distinct additional belt at higher L-shells. 481 
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