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Key Points: 

 Kinetic eigenmodes of the geomagnetic field may deplete the outer radiation belt 

during the main phase of geomagnetic storms.  

 Drift-bounce resonances with the wave magnetic field can drive radial diffusion on 

timescales less than a drift period. 

 Broadband electromagnetic waves commonly observed in the inner magnetosphere 

during geomagnetic storms may be an important unrecognized driver of radiation belt 

dynamics. 

 

  

mailto:ccc@ssl.berkeley.edu)


 

© 2018 American Geophysical Union. All rights reserved. 

Abstract 

Observations during the main phase of geomagnetic storms reveal an anti-correlation between 

the occurrence of broadband low frequency electromagnetic waves and outer radiation belt 

electron flux. We show that the drift-bounce motion of electrons in the magnetic field of these 

waves leads to rapid electron transport. For observed spectral energy densities it is 

demonstrated that the wave magnetic field can drive radial diffusion via drift-bounce resonance 

on timescales less than a drift orbit. This process may provide outward transport sufficient to 

account for electron “dropouts” during storm main phase and more generally modulate the 

outer radiation belt during geomagnetic storms. 
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1 Introduction 

The rapid and irreversible depletion or ‘dropout’ of radiation belt electron fluxes during 

geomagnetic storms presents a special challenge to understanding particle transport and 

scattering in Earth’s magnetosphere [Mauk et al., 2012]. While these electrons are ultimately 

lost through the magnetopause [Ukhorskiy et al 2006], and to the atmosphere [Millan et al., 

2010] the manner through which radiation belt electrons are transported outward to the 

magnetopause [Turner et al., 2012] or scattered into the atmospheric loss cone [Millan and 

Thorne 2007; Millan et al., 2012] remains contentious [Ukhorskiy et al., 2015].  

Our interest here is the transport process. Radial transport has been explained as the 

consequence of outward motion of electron guiding centers due to magnetospheric 

compression [Shprits et al., 2006], enhanced dawn-dusk electric fields [Nishimura et al., 2007] 

and/or radial diffusion driven by ULF waves [Brautigam and Albert, 2000; Elkington et al., 

2003; Hudson et al., 2008; Lotoaniu et al., 2010;]. For diffusive transport the rapid depletion 

of radiation belt phase space density characteristic of ‘dropouts’ requires large radial diffusion 

coefficients (𝐷𝐿𝐿). Observations indicate order of magnitude decreases in radiation belt fluxes 

on timescales of the order of hours [Morley et al., 2010; Turner et al, 2014; Ukhorskiy et al., 

2015; Baker et al., 2016; Zhang et al., 2016; Ozeke et al., 2017]. These timescales suggest 

𝐷𝐿𝐿 > 10−4 s-1. With the exception of ‘shock-like’ events [Li et al. 1993] these values are 

larger than most 𝐷𝐿𝐿 estimates from drift-resonance in MHD modes within geosynchronous 

orbit [Brautigam and Albert, 2000; Elkington et al., 2003; Fei et al., 2006; Huang et al., 2010; 

Ozeke et al., 2014, 2017; Li et al., 2016]. 

The nearly continuous presence of broadband low frequency electromagnetic waves in the 

inner magnetosphere during storm main phase [Chaston et al., 2015] suggests a possible role 

for these field variations in rapid radiation belt losses. Wave dispersion and propagation 
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analyses have shown these variations to be a broad 𝑘-spectrum of kinetic Alfvén waves with 

phase characteristics often indicative of standing eigenmodes or resonances. It has also been 

shown that the electric fields of these kinetic field-line resonances (KFLRs) can drive diffusion 

across L-shells [Chaston et al., 2017; from hereon, C2017]. However, for observed electric 

field spectral energy densities this mechanism is insufficient alone to account for main phase 

“dropouts” mentioned above [C2017].  

To further investigate the role of broadband electromagnetic waves in main phase electron 

“dropouts” we now consider the action of the wave magnetic field on electron orbits. We begin 

by presenting a case study showing anti-correlation between broadband electromagnetic waves 

and radiation belt fluxes during storm main phase suggestive of the action of these waves in 

radiation belt depletion. We then extend the modelling of C2017 to include the contribution of 

the Lorentz force arising from the drift-bounce motion of electron guiding centers in the radial 

component of the wave magnetic field. The importance of this interaction was first suggested 

by Dungey [1964]. It is shown that for radiation belt electrons this force is more than an order 

of magnitude larger than that due to the wave electric field on which the calculations in C2017 

were based. For observed spectra it is demonstrated that the wave magnetic field will drive 

radial transport at MeV energies on timescales of the order of minutes. Based on these 

estimates, and the prevalence of these modes during storm main phase, we suggest that KFLRs, 

or more generally broadband electromagnetic waves, may play a significant role in the rapid 

depletion or ”dropout” of the outer radiation belt at the commencement of geomagnetic storms.  

2 Observations 

Figure 1 shows measurements recorded from two consecutive orbits of Van Allen Probe A: the 

first prior to storm commencement and the second during the main phase of the large 

geomagnetic storm of 27th August 2014. Apogee for these equatorial orbits occurs on the flanks 
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near dawn at 𝐿 ≈ 6. At this location the 𝑋 and 𝑌 GSE components of the electric and magnetic 

field spectra shown in Figures 1b and c correspond to azimuthal (𝐸𝑋) and radial (𝐵𝑌) 

oscillations about the Earth respectively. In Figure 1b the electric field spectra has been 

constructed under the assumption that 𝐸 ⋅ 𝐵 ≈ 0 with the blank portions in both 𝐸𝑋 and 𝐵𝑌 

spectra corresponding to times when the measurements are not reliable over the frequency 

range shown.  For presenting wave spectral measurements, the  𝐸 ⋅ 𝐵 ≈ 0 assumption is 

sufficient for low frequency waves of this type. Horizontal lines in the spectrograms at constant 

frequency correspond to residual spacecraft spin tones.   

The outstanding feature of the spectral measurements shown in Figure 1b and c is the absence 

of significant geophysical spectral energy densities pre-storm followed by the appearance of 

intense broadband field variations (𝜀𝐵~1 𝑛𝑇2 𝐻𝑧 ⁄ 𝑎𝑛𝑑 𝜀𝐸~103 (
𝑚𝑉

𝑚
)2/𝐻𝑧  at 0.2 Hz) ~ 8 

hours later during storm main phase.  From Van Allen Probe B measurements (Supplementary 

Figure) we know that this activity began at least 3 hours earlier with the first decrease in Dst at 

storm onset. Coincident with these field variations Figure 1e and f reveal order of magnitude 

increases in differential particle flux at energies up to 100 keV. These fluxes comprise the 

plasmas supporting the observed wave activity. On the other hand, an almost complete 

depletion of electron fluxes above 100 keV is apparent in Figures 1d and e  – i.e. the outer 

radiation belt has disappeared with the appearance of the broadband wave activity. Comparison 

of the pitch angle plots, shown in Figures 1g-p to the wave spectra in Figures 1b and c make 

clear the anti-correlation in occurrence of broadband field fluctuations and relativistic electrons 

at all pitch angles all the way up to 4 MeV  -  the upper limit of the pre-storm radiation belt.  

Cross spectral and dispersion analyses of broadband low frequency wave spectra of the kind 

shown in Figures 1a and b have revealed that the observed field variations are well described 

as a Doppler shifted 𝑘-spectrum of kinetic Alfvén waves often appearing as eigenmodes of the 
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geomagnetic field or KFLRs [Chaston et al., 2014]. The same spectral analyses have been 

applied to the field variations shown here and confirm the identification for this case. Because 

these spectral characteristics have already been detailed in statistical studies [Chaston et al., 

2015] we do not represent the results here. However, with this identification in hand we now 

exploit the properties of KFLRs to assess the efficacy of the radial wave magnetic field in 

broadband electromagnetic waves for driving transport via drift-bounce resonance.  

3 Drift-Bounce and the Lorentz Force 

A gyrating electron moving along a geomagnetic field-line in slowly varying electromagnetic 

fields will drift with velocity, 

𝒗𝒅 =
1

𝑞𝑒

𝑭×𝑩

𝐵2            (1) 

for 𝑣𝑑 ≪ 𝑐 where  𝐹 is the force acting on the particle,  𝐵 is the magnetic field and 𝑞𝑒 is the 

electron charge. In an unperturbed dipolar magnetosphere with field strength 𝐵𝑜 the first order 

drift is azimuthal. However, in the presence of an azimuthal electric field (𝑬𝜙) and/or 

variations in the magnetic field component normal to an 𝐿-shell (𝒃𝝂) the Lorentz force  

𝑭𝝓 = 𝑞𝑒(𝑬𝝓 + 𝒗𝝁 × 𝒃𝝂)         (2) 

will drive a radial drift – i.e. across 𝐿-shells.  Here 𝜈, 𝜙  and 𝜇 are the coordinates in 𝐿, azimuth 

and along 𝐵𝑜 respectively with 𝑣𝜇 the electron velocity along the dipolar field-line (Cummings 

et al., 1969). For periodic variations in 𝐸𝜙 and 𝑏𝜈 secular transport across 𝐿-shells is possible 

for electrons satisfying, 

 𝜔 − 𝑚𝜔𝑑 = 𝑛𝜔𝑏          (3) 

where 𝜔 is the wave frequency, 𝑚 is the azimuthal wavenumber, 𝜔𝑑 is azimuthal drift 

frequency, 𝑛 is the bounce harmonic and 𝜔𝑏 is the bounce frequency. The transport can be 
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inward or outward depending on the relative phasing of the resonant electron and the wave, 

however in the presence of gradients of phase space density in 𝐿 there will be a net diffusive 

flux to regions of lower phase space density [Schulz and Lanzerotti, 1974].  The operation of 

this transport process is especially likely between KFLRs and radiation belt electrons because 

the azimuthal electron drift over a bounce period is of the order of the bulk ion gyro-radius (𝜌𝑖) 

outside the plasmapause – i.e. similar to the azimuthal wave scale. In fact, C2017 demonstrated 

that the broad spectrum of KFLRs allow satisfaction of Equation 3 over the full range of 

electron energies comprising the outer radiation belt. 

 Radial transport due to 𝐹𝜙 provides energization perpendicular to the geomagnetic field 

consistent with the 1st adiabatic invariant [Elkington et al., 2006] and is accompanied by 

acceleration along the geomagnetic field due to the parallel Lorentz force, 

𝑭𝝁 = 𝑞𝑒(𝑬𝝁 − 𝒗𝝓 × 𝒃𝝂)         (4) 

For times-scales longer than a gyro-period 𝒗𝝓 can be replaced by the azimuthal drift velocity 

(𝑣𝑑𝜙) so that the total time rate of change of electron energy (ℰ) is,  

𝑑ℰ

𝑑𝑡
=  𝑭 ∙ 𝒗 = 𝑞𝑒 (𝑬𝝓 + 𝒗𝝁 × 𝒃𝝂) ⋅ 𝒗𝒅𝝓 + 𝑞𝑒(𝑬𝝁 − 𝒗𝒅𝝓 × 𝒃𝝂) ⋅ 𝒗𝝁    (5) 

The contributions due to 𝒗 × 𝒃 described by the 2nd and 4th terms on the right-hand side cancel 

to provide no energy change. However, the balance between energization across and along the 

geomagnetic field defined by these terms modifies the particle pitch-angle with transport across 

𝐿-shells. For bouncing radiation belt electrons in KFLRs ⌊𝒗𝝁 × 𝒃𝝂⌋ ≫ |𝑬| (see section 4) so 

that the transport and variation in pitch-angle is largely defined by action of 𝒗 × 𝒃 and given 

by conservation of the 1st adiabatic invariant and energy. For this case (𝐿 + ∆𝐿)3 𝑠𝑖𝑛2(𝛼𝑒𝑞 +

∆𝛼𝑒𝑞) ≈ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 or,  
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  ∆𝛼𝑒𝑞 ≈ 𝑡𝑎𝑛−1 [
𝛽−𝑡𝑎𝑛𝛼𝑒𝑞

1+𝛽𝑡𝑎𝑛𝛼𝑒𝑞
] where 𝛽 = √

𝐿3𝑠𝑖𝑛2𝛼𝑒𝑞

(𝐿+∆𝐿)3−𝐿3𝑠𝑖𝑛2𝛼𝑒𝑞
      (6) 

with ∆𝛼𝑒𝑞 the change in equatorial pitch-angle for radial transport by amount ∆𝐿 and 𝐵𝑜 ∝ 𝐿−3 

at the equator.  Outward transport will therefore drive a shift in electron pitch angle toward the 

loss cone while the parallel energization due to 𝑭𝝁 means that even electrons with 𝛼𝑒𝑞 → 90𝑜 

(i.e. 𝒗𝝁 → 0) will be subject to radial transport driven by 𝒗𝝁 × 𝒃𝝂 due to the gain in 𝒗𝝁.  These 

parallel dynamics may stimulate losses to the atmosphere at small 𝛼𝑒𝑞 while simultaneously 

increasing outward radial transport at large 𝛼𝑒𝑞 to help facilitate the all pitch-angle depletion 

shown in Figure 1. 

4 Radial Diffusion Coefficients 

The efficacy of the transport process due to 𝑬𝝓 in Equation 2 was quantified in C2017 via the 

evaluation of radial diffusion coefficients (𝐷𝐿𝐿). The corresponding contribution from 𝒗𝝁 × 𝒃𝝂 

can be estimated from the result for 𝑬𝝓 by noting in the local case for kinetic Alfvén waves 

that  𝐸𝜙 𝑏𝜈 ≈ 𝑉𝐴√1 + 𝑘𝜙
2 𝜌𝑖

2⁄  . Here 𝑉𝐴 is the Alfvén speed, 𝑘𝜙 ≈ 𝑚/𝑟𝑠𝑖𝑛𝜃 where 𝑟 is radial 

distance and 𝜃 co-latitude. This expression has been shown to provide a good statistical model 

for the observed relationship between electric and magnetic fields in these waves near the 

equator from the Van Allen Probes [Chaston et al., 2014; 2015]. Consequently at 𝑘𝜙𝜌𝑖 = 1 we 

can write, 

|
𝑣𝜇×𝑏𝜈

𝐸𝜙
| ≈

𝑣𝜇

√2𝑉𝐴
           (7) 

Figure 2a shows this ratio as a function of pitch angle (𝛼) and energy at 𝐿 ≈ 6 and close to the 

equator where 𝑉𝐴 ≈ 4 × 106 m/s. Here it should be noted that 𝐸𝜙 𝑏𝜈⁄  corresponds to the Fourier 

amplitude and so is independent of the mode structure along 𝐵0. For electrons with 𝛼 < 90𝑜 
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and energies above a few hundred eV, 𝒗𝝁 × 𝒃𝝂 exceeds 𝑬𝝓, and for electrons at relativistic 

energies (>100 keV) does so by more than an order of magnitude. Therefore, because 𝐷𝐿𝐿 ∝

𝐸2, the contribution to 𝐷𝐿𝐿  from 𝒗𝝁 × 𝒃𝝂 at relativistic energies exceeds that due to 𝑬𝝓 by a 

factor  ≳ 100. C2017 estimated peak values of 𝐷𝐿𝐿 ≲10-4 s-1 for storm time 𝑬𝝓 spectra at 𝐿=6.  

The corresponding estimate from the 𝒗𝝁 × 𝒃𝝂 contribution is therefore ∼10-2 s-1. Significantly, 

the associated diffusive timescale, 𝜏𝐿𝐿 = 1/𝐷𝐿𝐿, is less than radiation belt electron drift periods 

at 𝐿=6 for energies up to ~10 MeV and effectively instantaneous relative to the duration of a 

geomagnetic storm. 

To more formally derive 𝐷𝐿𝐿 we now calculate the displacement of the electron guiding center 

provided by 𝑣𝑑 as defined by Equation 1 in model KFLR wave fields for drift-bounce resonant 

electrons satisfying Equation 3 at 𝐿=6. Further information describing the stochastic approach 

and its implementation are provided in the supplemental information. The calculation is 

identical to that performed in C2017, using the same eigenmode solutions of the wave equation 

for dispersive Alfvén waves [C2017 - Equation 2] to define the wavefields. Except now we 

consider the 𝒗𝝁 × 𝒃𝝂 contribution to 𝐹𝜙. The wavefields vary as 𝐴(𝜇)𝑒𝑖(𝑚𝜙−𝜔𝑡) where 𝐴(𝜇) 

describes the amplitude variation with position along geomagnetic field-line. Radial variation 

could be included however to isolate the physics associated with the local action of 𝒗𝝁 × 𝒃𝝂 

we implement here the simplest possible form. The measured fields are modelled as an 

ensemble of modes with random phases over the broad range of 𝑘𝜙 (𝑜𝑟 𝑚) as implied from the 

dispersion fits in Chaston et al. [2014]. The profile of plasma parameters and 𝑏𝜈 along 𝐵0 

corresponding to solutions at a number of 𝑘𝜙𝜌𝑖 values and harmonics are shown in Figure 2b-

f. Here the wavefields are normalized by the amplitude at the equator.  

To illustrate how the resonance leads to radial transport Figure 2g presents as an example the 

azimuthal-latitudinal variation of 𝒃𝝂 for the 2nd harmonic with 𝑘𝜙𝜌𝑖 = 1 at the equator. We 
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choose these wave parameters because they allow the clearest demonstration of how the 

resonance works. The guiding center trajectories shown by the white traces on this panel are 

provided by the solution of the equation of motion for resonant electrons conserving the 1st 

adiabatic invariant and having a bounce phase relative to the wave (𝜓) of zero with 𝑛 = 1 in 

Equation 3. Each trace corresponds to a different value of 𝛼𝑒𝑞. The resonant energy is ~3 MeV 

and the azimuthal electron drift and wave phase speed are oppositely directed. The normalized 

displacement of the guiding center in 𝐿 (Δ𝐿) experienced by these resonant electrons each 

bounce is shown in Figure 2h. For a coherent mode the displacement is 𝑁Δ𝐿 after 𝑁 bounces 

subject to the resonance width in 𝐿.  

However, because the direction and magnitude of Δ𝐿 is dependent on relative bounce and wave 

phase and the observed wavefields are broadband, net particle transport only occurs on 

gradients in phase space density and proceeds in a stochastic manner. As an example, Figure 

3a shows the phase dependency of Δ𝐿 for unperturbed electron orbits at 𝐿 = 6 having 𝛼𝑒𝑞 =45o 

and resonant with the 2nd harmonic KFLR.  𝐷𝐿𝐿 can be estimated numerically from this curve 

by perturbing a large number of electrons (10000) at this location by Δ𝐿 chosen randomly from 

Figure 3a. This provides a Gaussian distribution of particles in 𝐿 as shown in Figure 3b after 

100 bounces.  The diffusion coefficient is then, 

 𝐷𝐿𝐿 = 〈(∆𝐿)2〉/2Δ𝑡 =  〈(∆𝐿100)2〉/(2 × 100𝜏𝑏)      (8) 

where 〈(∆𝐿100)2〉 is provided by the square of the full width at half maximum of the Gaussian 

distribution. We note that the value for 𝐷𝐿𝐿 is independent of the number of bounces considered 

provided this number is sufficiently large. The radial diffusion coefficient derived via this 

means for 𝛼𝑒𝑞 = 45𝑜 normalized by the wave magnetic field energy density at the equator is 

given in Figure 3b. Repeating this process for each pitch angle over a range in equatorial  𝑘𝜙𝜌𝑖 
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provides an array of normalized diffusion coefficients 𝐷𝐿𝐿(𝛼𝑒𝑞, 𝑘𝜙𝜌𝑖) (Figure 3f-h) where each 

𝛼𝑒𝑞 , 𝑘𝜙𝜌𝑖   pair defines the resonant energy for 𝑛 = 1 in Equation 3 (see Figure 3 c-e).  

The morphology of the contour plots shown in Figure 3 f-h for 𝐷𝐿𝐿 arises from the interplay 

between the particle trajectory and the profile in 𝒃𝝂 along 𝐵𝑜. The contours indicate that 𝐷𝐿𝐿 

increases with 𝑘𝜙𝜌𝑖 and decreases with wave harmonic. The progressive increase with 𝑘𝜙𝜌𝑖 is 

a consequence of the corresponding increase in latitudinal extent of the harmonic structure in 

𝒃𝝂 about the equator so that bouncing electrons experience larger wavefields over a greater 

fraction of a bounce for larger 𝑘𝜙𝜌𝑖. The decrease of 𝐷𝐿𝐿 with increasing harmonic number is 

a consequence of the increasing sign variation of 𝒃𝝂 along 𝐵𝑜 with each larger harmonic. This 

reduces the net drift across 𝐿 over a bounce. Finally, the increasing number of peaks in 𝐷𝐿𝐿 as 

function of pitch angle with increasing harmonic number arises from the relative location of 

mirror points along the field and anti-nodes in 𝒃𝝂. With each increase in harmonic number the 

number of anti-nodes increases so that a proportionate increase in the number of peaks in 𝐷𝐿𝐿 

occurs.  

To calculate physical values from the normalized diffusion coefficients presented in Figure 3f-

h requires the amplitude at each 𝑘𝜙𝜌𝑖. This can be evaluated from the observed wave spectrum 

by associating each spacecraft frame frequency (𝑓𝑠𝑐) with a value for 𝑘𝜙𝜌𝑖 and deriving the 

corresponding resonant bandwidth (∆𝑓𝑠𝑐). Figure 4a shows the statistical magnetic field 

spectrum for the broadband fluctuations reported by Chaston  et al., (2015) from the Van Allen 

Probes while Figure 4b shows the corresponding result for 𝐸𝑌𝑠𝑐/𝐵𝑋𝑠𝑐 in ‘sc’ coordinates 

defined in the caption.  As indicated above, case studies [Chaston et al., 2014] (including that 

shown in Figure 1) and statistics [Chaston et al., 2015] show that the superposition of multiple 

resonances near the equator from the Van Allen Probes provides a trend in 𝐸𝑌𝑠𝑐/𝐵𝑋𝑠𝑐 close to 

the local dispersion relation for kinetic Alfvén waves. The fit to kinetic Alfvén wave dispersion 
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here is shown by the red trace. This fit allows each 𝑓𝑠𝑐 to be identified with a value for 𝑘𝜙𝜌𝑖 

via the dispersion relation. The corresponding amplitude can then be estimated by multiplying 

the spectral energy density at each 𝑘𝜙𝜌𝑖 by ∆𝑓𝑠𝑐 as defined by C2017 for correlation over a 

bounce as, 

∆𝑓𝑠𝑐 = 𝑓𝑠𝑐 𝑛⁄   where n=1,2,3… for correlation time, 𝜏𝑐 = 𝜏𝑏     (9) 

For example, consider the evaluation of 𝐷𝐿𝐿 for 𝑘𝜙𝜌𝑖 = 1 and 𝛼𝑒𝑞 = 45𝑜.  In Figure 4, 𝑘𝜙𝜌𝑖 =

1 occurs at 𝑓𝑠𝑐 = 0.2 Hz.  Using the spectral energy density at this frequency from Figure 4a 

and multiplying by ∆𝑓𝑠𝑐, as given by Equation 9, yields a statistical wave amplitude of ~1 nT. 

Then taking the normalized value for 𝐷𝐿𝐿 from the contour plot in Figure 3f for  𝑘𝜙𝜌𝑖 = 1  and  

𝛼𝑒𝑞 = 45𝑜 and multiplying by the amplitude squared provides the physical value,  𝐷𝐿𝐿 ≈ 10-2 

s-1. The corresponding resonant electron energy for this combination of 𝑘𝜙𝜌𝑖 and 𝛼𝑒𝑞 from 

Figure 3c is ~ 3 MeV. This procedure repeated for all 𝑘𝜙𝜌𝑖 and 𝛼𝑒𝑞 provides the arrays of 

physical values for 𝐷𝐿𝐿(𝛼𝑒𝑞 , ℇ) at each harmonic shown graphically in Figure 3 i-k.   

Figures 3i-k indicate 𝐷𝐿𝐿 ≳ 10-4 s-1 for energies upward from 100 keV and 𝐷𝐿𝐿 ≳ 10-3 s-1 above 

1 MeV for pitch angles extending from the loss cone to ~80o for the average wave spectra. The 

increase of 𝐷𝐿𝐿 with ℇ evident in Figure 3i-k arises because of the corresponding increase in 

𝒗𝝁 × 𝒃𝝂 with energy but also because larger energies resonate at lower 𝑘𝜙𝜌𝑖 where the wave 

spectral energy densities are larger.  These coefficients correspond to 𝜏𝐿𝐿 ≲ 1000 s for MeV 

electrons in the average broadband spectrum observed from the Van Allen Probes. 

5 Discussion and Conclusions 

To quantify the effect of the diffusion coefficients presented in Figures 3h-j on radiation belt 

populations requires a model for radiation belt phase space density and solution of the radial 

diffusion equation [Schulz and Lanzerotti, 1974; Eq 3.01]. This goes beyond the scope of this 
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letter however estimates can be made using Figure 3 where the local profile in phase space 

density (𝑓) varies as a Gaussian (see Figure 3b). For this case the time rate change of 𝑓 at 

location 𝐿 is given analytically as, 

𝑓(𝐿, 𝑡) ∝
1

√𝐷𝐿𝐿𝑡
𝑒

−
(𝐿−𝐿𝑜)2

𝐷𝐿𝐿𝑡             

 (10) 

where 𝐿𝑜 is the location of the peak in 𝑓. Close to 𝐿𝑜 with 𝑡 > 𝜏𝐿𝐿 we find 𝑓(𝑡) ∝
1

√𝐷𝐿𝐿𝑡
. 

Radiation belt dropouts are characterized by order of magnitude or larger decreases in 𝑓 

[Morley et al., 2010; Turner, 2014]. Such a change in this model therefore requires ~100𝜏𝐿𝐿. 

For 𝐷𝐿𝐿 at 𝐿 = 6 as given in Figure 3h-j, and for energies at and above 1 MeV and 𝛼𝑒𝑞 ≲80o , 

we find depletion times of less than a day for the statistical average spectrum of Figure 4a and 

less than three hours for the storm time spectral energy density shown in Figure 1c. Inclusion 

of the action of 𝐹𝜇 described earlier through Equations 4-6, but not included in the unperturbed 

orbit calculations for 𝐷𝐿𝐿, indicates that similar time-scales apply even for 𝛼𝑒𝑞 >80o.  Based 

on studies by Morley et al., 2010, Turner et al, 2014, Ukhorskiy et al., 2015, Baker et al., 2016, 

Zhang et al., 2016 and the case study shown in Figure 1 this depletion time is sufficiently short 

to account for even the most rapid dropouts at this 𝐿-shell.    

The stochastic interaction is not dependent on the detailed form of the eigenmodes as modelled 

being replicated in reality. Rather, the key ingredients are the similarity of the range of 

perpendicular wave scales with the azimuthal electron drift over a bounce period, and the fact 

that the Alfvénic timescale is much longer than 𝜏𝑏. This means that the resonance condition 

(Equation 3) will be satisfied for a broad range of energies and pitch angles to drive bulk 

radiation belt transport (Figure 3c-e). An individual electron can therefore undergo a 

continuous series of resonant interactions with different portions of the wave spectrum as it 
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moves across 𝐿-shells. Consequently, the broad extent in 𝐿-shell and longitude of the wave 

region can be expected to drive bulk transport of radiation belt particles over multiple 𝐿-shells 

and local times to account for the broad energy range ‘dropout” of the kind shown in Figure 1. 

This analysis then indicates that the magnetic fields of broadband low frequency 

electromagnetic waves during geomagnetic storms will rapidly flatten radial gradients in phase 

space density.  This may lead not only to the depletions/dropouts during main phase, which has 

motivated this study, but will also drive repopulation during storm recovery as considered by 

C2017 in the wave electric field. The efficacy of these broadband waves for driving transport 

and their prevalence during storms suggests they are an important driver of radiation belt 

dynamics.  
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Figure 1. Radiation belt ‘dropout’ from Van Allen Probe A. a) Dst. b) and c) Azimuthal electric 

and radial magnetic field spectrograms from EFW (Wygant et al., 2013] and EMFISIS 
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[Kletzing et al., 2013] respectively. d) Electron differential energy flux spectrogram (1 MeV-

4 MeV) from REPT (Baker et al., 2013]. e) Electron differential energy flux spectrogram (50 

keV-1 MeV) from MAGEIS [Blake et al., 2013]. f) Electron differential energy flux 

spectrogram (10 keV-50 keV) from HOPE [Funsten et al., 2013].  g)-p) Electron pitch angle 

spectrograms from 32 keV to 4.2 MeV. 
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Figure 2. Wavefields and electron orbits at 𝐿=6. a) Ratio of Lorentz force due to the wave radial 

magnetic and azimuthal electric fields (|𝑣𝜇𝑏𝜈/𝐸𝜙|) with 𝑘𝜙𝜌𝑖 = 1 at equator. b) Model Alfvén 

speed, electron and ion thermal speed profiles along the field-line. c) Model H+ and O+ 

densities. d-f) Model radial magnetic field profiles for KFLRs from solution of wave equation 

(C2017). g) Latitude-Longitude variation of radial magnetic field in 2nd harmonic KFLR with 

𝑘𝜙𝜌𝑖 = 1. White traces show trajectory of drift-bounce resonant electrons with 𝑛=1 in 

Equation 3. h) Displacement in 𝐿 over one bounce normalized by wave amplitude at equator 

for the resonant electrons shown in panel g. 
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Figure 3. Diffusion at 𝐿=6. a) Guiding center displacement as a function of bounce to wave 

phase. b) Distribution of electron guiding centers in 𝐿 after 100 bounces from initial population 

at 𝐿=6. c-e) Resonant energies (ℰ) as a function of  𝑘𝜙𝜌𝑖 and 𝛼𝑒𝑞 for the 2nd, 4th and 6th 

harmonics for opposed wave phase velocity and particle drift. f-h). Normalized diffusion 

coefficients for 𝑛=1 in Equation 3.  i)-k) Diffusion coefficients for spectral energy densities 

shown in Figure 4. 
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 Figure 4.  Statistical wave spectra of low frequency broadband electromagnetic waves in field-

aligned coordinates from the Van Allen Probes (Chaston et al. [2015]). Zsc is field-aligned 

while Ysc lies in the spacecraft spin plane. a) and b) spectrum of magnetic field variations and 

EYsc/BXsc respectively. Orange bar shows the resonant bandwidth for a single bounce with 𝑛 =

1 at 𝑘𝜙𝜌𝑖=1.  

 


