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Abstract Observations of the electron radiation belts have shown links between increases in the
low-energy seed population and enhancements in the >1-MeV flux. During active times, low-energy elec-
trons are introduced to the radiation belt region before being accelerated to higher energies via a range of
mechanisms. The impact of variations in the seed population on the 1-MeV flux level were explored using
the British Antarctic Survey Radiation Belt Model. We find that, for a period from the 21 April to 9 May
2013, the increase in the low-energy electron flux was vital to recreate the observed 1-MeV flux enhance-
ment on the 1 May but was less important for the 1-MeV enhancement on the 27 April 2013. To better
understand the relationships between the different energy populations, a series of idealized experiments
with the 2-D British Antarctic Survey Radiation Belt Model were performed, which highlight a careful bal-
ance between losses and acceleration from chorus waves. Seed population enhancements alter this balance
by increasing the phase space density gradient, and consequently, the rate of energy diffusion, allowing
acceleration to surpass loss. Additionally, we demonstrate that even with the same chorus diffusion coef-
ficients and the same low-energy boundary condition, the flux of ∼500-keV to 1-MeV electrons increased
when starting with a hard spectrum but decreased for a soft initial spectrum. This suggests that initial
energy gradients in the phase space density were important to determine whether >500-keV electrons were
enhanced due to chorus wave acceleration.

1. Introduction
Whistler mode chorus waves are an important acceleration and loss mechanism in the Earth's electron radi-
ation belts (e.g., Bortnik & Thorne, 2007; Lam et al., 2010; Horne, Thorne, Glauert, et al., 2005; Horne,
Thorne, Shprits, et al., 2005; Horne & Thorne, 1998; Summers et al., 1998; Thorne et al., 2005). Recent work
considering Van Allen Probes data has highlighted the interplay between the source electrons (1 to tens of
kiloelectron volts), responsible for chorus wave generation, and seed electrons (30 to hundreds of kiloelec-
tron volts), in the acceleration of relativistic populations (Jaynes et al., 2015). Substorm particle injections
can supply both source and seed electrons to the inner magnetosphere, generating chorus waves and pro-
viding an increased low-energy population that can then be accelerated to higher energies (Boyd et al., 2014;
DeForest & McIlwain, 1971; Ganushkina et al., 2013; Obara et al., 2000; Omura et al., 2008; Sergeev et al.,
1998; Tang et al., 2016; Tsurutani & Smith, 1974; Zhang et al., 2009).

Further observational studies have linked increases in the seed population to those in the core population
(>1 MeV). Boyd et al. (2016) demonstrated strong correlations between rises in the seed population and
enhancements in the >1-MeV electron flux, with a 10- to 15-hr time delay, highlighting important depen-
dencies between populations of different energies in the radiation belt region. Additionally, correlations
between >1-MeV electrons and lower-energy flux values have also been shown using measurements taken
at geostationary orbit (Li et al., 2005; Turner & Li, 2008).

A survey of geomagnetically disturbed periods during the Combined Release and Radiation Effects Satel-
lite mission found that the most significant relativistic electron flux enhancements were associated with
enhanced seed electron flux and enhanced lower-band chorus wave power (Meredith et al., 2003). Foster
et al. (2013) presented Van Allen Probes observations from the March 2013 event and concluded that an
increase in the 100-keV flux and chorus wave activity led to prompt energization of highly relativistic elec-
trons outside the plasmapause. Boyd et al. (2014) agreed with this observation, following analysis of observed

RESEARCH ARTICLE
10.1029/2019JA026516

Key Points:
• Large-energy gradients in phase

space density lead to faster chorus
wave acceleration, overcoming loss
rates

• Initial energy gradients in the
electron phase space density can be
important to determine whether the
>500-keV flux is enhanced

• Careful modeling of the low-energy
populations was key for reproducing
high energy flux enhancements

Correspondence to:
H. J. Allison,
haylis@bas.ac.uk

Citation:
Allison, H. J., Horne, R. B.,
Glauert, S. A., & Del Zanna, G. (2019).
On the importance of gradients in
the low-energy electron phase space
density for relativistic electron
acceleration. Journal of Geophys-
ical Research: Space Physics, 124.
https://doi.org/10.1029/2019JA026516

Received 17 JAN 2019
Accepted 20 MAR 2019
Accepted article online 6 APR 2019

©2019. American Geophysical Union.
All Rights Reserved.

ALLISON ET AL. 1

http://publications.agu.org/journals/
https://orcid.org/0000-0002-6665-2023
https://orcid.org/0000-0002-0412-6407
https://orcid.org/0000-0003-0149-8608
http://dx.doi.org/10.1029/2019JA026516
https://doi.org/10.1029/2019JA026516


Journal of Geophysical Research: Space Physics 10.1029/2019JA026516

phase space density (PSD) profiles from the same event. Using data from both Akebono and the National
Oceanic and Atmospheric Administration satellites to study a geomagnetic storm in November 1993, Obara
et al. (2000) showed that the enhanced 30- to 100-keV electron flux at L ∼ 4 seeded the subsequent increase
in the >1-MeV electrons.

Observations from a number of satellite missions have therefore strongly suggested that enhancements in
the seed population are an important consideration for energization of >1-MeV electrons. However, for
electrons with energies less than ∼300 keV, interactions with chorus waves result in a competition between
acceleration and loss, while above ∼300 keV, electrons are accelerated faster than they are lost from the
system (Horne, Thorne, Glauert, et al., 2005). As the seed population is thought to primarily cover the energy
range ∼30 to ∼300 keV, this suggests a delicate interplay between both acceleration and loss from chorus
waves. As such, changes in the level of the seed population may notably affect the enhancement of >1-MeV
populations.

In 3-D radiation belt models, seed population changes are included via the low-energy boundary (LEB)
condition. Glauert et al. (2014a) demonstrated that an enhancement of 3-MeV electrons could be achieved
by local acceleration of the ∼150-keV flux on the LEB. Exploring how changes in the LEB condition affects
the flux level at >1 MeV provides an excellent test bed to explore links between the seed population and the
core (>1 MeV) population. Despite this, use of numerical models to explore the effect of changes in the seed
population has thus far been fairly limited and have provided conflicting results. Using the VERB 3-D model,
Subbotin, Shprits, Gkioulidou, et al. (2011) found that the 1-MeV flux was relatively insensitive to the flux
at the lowest value of the first adiabatic invariant, 𝜇. However, conversely, Tu et al. (2014) obtained model
results that were much closer to observations for the October 2012 “double-dip” storm when a realistic seed
population was used for the LEB condition of DREAM 3-D, and event-specific diffusion coefficients were
employed.

In this paper, we investigate the effect of changes in the seed population on the 1-MeV electron flux using
the British Antarctic Survey Radiation Belt Model (BAS-RBM; Glauert et al., 2014b). In section 3, we com-
pare model results using a LEB condition determined from Van Allen Probe observations to those using
time-constant flux values. The results of varying the energies of the LEB are explored in section 4. We then
further examine the impact of the seed population in idealized theoretical studies using the 2-D version of
the BAS-RBM in sections 5 and 6.

2. BAS Radiation Belt Model
The BAS-RBM is a 3-D diffusion model, based on a simplified version of the Fokker-Planck equation (Schulz
& Lanzerotti, 1974), that calculates the evolution of the phase-averaged PSD, f(p, r, t). In the BAS-RBM the
diffusion equation has been transformed to equatorial pitch angle,𝛼, energy, E, and L* coordinates, assuming
a dipole magnetic field
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where some cross derivatives have been neglected (DE𝛼 , DEL∗, and D𝛼L∗). The function A(E) is given by

A(E) = (E + E0)(E(E + 2E0))1∕2 (2)

and Roederer's L∗ parameter (Roederer, 1970) is defined as

L∗ = 2𝜋M
ΦRE

. (3)

E0 denotes the electron rest mass energy, 𝜇 the first adiabatic invariant, J the second adiabatic invariant, and
in a dipole field T(𝛼) = (1.3802 − 0.3198(sin 𝛼 + sin1∕2

𝛼)). The L∗ parameter is a form of the third adiabatic
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invariant, 𝛷, and in equation 3, M and RE are respectively the magnetic moment of the Earth's dipole field
and the Earth's radius. The timescale for losses to the atmosphere, 𝜏C, is a quarter of the bounce time inside
the loss cone and infinite outside. The drift and bounce-averaged pitch angle and energy diffusion coeffi-
cients (DEE and D𝛼𝛼) were calculated with the Pitch Angle Diffusion of Ions and Electrons code (Glauert &
Horne, 2005) using statistical wave models for whistler mode chorus (Horne et al., 2013), electromagnetic
ion cyclotron waves (Kersten et al., 2014), and hiss waves (Meredith et al., 2018). Chorus waves are mainly
observed outside the plasmasphere and hiss inside. To account for this, an activity-dependent plasmapause
model has been built into the drift and bounce-averaged diffusion coefficients, by considering wave and den-
sity observations from the data sets used to construct the statistical wave models (Horne et al., 2013; Meredith
et al., 2018). The radial diffusion coefficient, DL∗L∗ , is taken to be the Kp-dependent magnetic component
given by Brautigam and Albert (2000; defined for Kp values between 1 and 6). The magnetopause location
is taken from the Shue et al. (1998) model, from which, the last closed drift shell is estimated (Glauert et al.,
2014a). The magnetopause loss timescale, 𝜏M , is set so that the flux is reduced by 3 orders of magnitude in
one drift period outside the last closed drift shell. See Glauert et al. (2014b) for further information on the
BAS-RBM.

Equation (1) is solved for L∗ values L∗
min ≤ L∗ ≤ L∗

max, equatorial pitch angles 0◦
≤ 𝛼 ≤ 90◦, and a range

of energies that depend on L∗. As radial diffusion acts at constant first and second adiabatic invariant, the
high- and low-energy boundaries follow lines of constant 𝜇 and J, defined by selecting the minimum and
maximum energies (Emin and Emax) at L∗

max.

Boundary conditions on six surfaces are required to define the calculation domain, at each of the minimum
and maximum values of L∗, 𝛼, and energy. Three of these boundary conditions are the same as those used
by Glauert et al. (2014b). At 𝛼 = 0◦ and 𝛼 = 90◦ the change in the phase-averaged PSD with respect to 𝛼 is
set to 0 (i.e., 𝜕𝑓

𝜕𝛼
= 0). For the Emax boundary, f = 0 at the Emax − 𝛼 surface. The remaining three boundary

conditions (f at L∗
min, L∗

max, and Emin) are supplied by data. For the present study, the inner boundary, L∗
min,

is set at L∗ = 2.5 and the outer boundary, L∗max, at L∗ = 5.5. Van Allen Probes data from both the Magnetic
Electron Ion Spectrometer (MagEIS; Blake et al., 2013) and Relativistic Electron Proton Telescope (REPT;
Baker et al., 2013) instruments have been used to formulate f(𝛼,E,L∗) at the L∗

min and L∗max boundary. The
final boundary of the BAS-RBM is the Emin boundary, which is discussed at length in the following section.

3. Modeling the 21 April to 9 May 2013 Period
We consider the period from the 21 April to the 9 May 2013. Figures 1a–1e shows the background corrected
MagEIS flux from Van Allen Probes A and B. All data presented are from the 90◦ local pitch angle bin. Addi-
tionally, the solar wind speed and z component of the interplanetary magnetic field (Bz) are shown in panel
f. The L∗ values for the MagEIS measurements in this paper have been calculated using the International
Geomagnetic Reference Field (IGRF) and T89 field models (Thébault et al., 2015; Tsyganenko, 1989).

This date range includes two 1-MeV flux enhancement events, separated by a small dropout. The first 1-MeV
enhancement period commences late on the 24 April following a dropout, which diminished the preexisting
1-MeV population. This enhancement includes a second stage, relating to a southward turning of Bz early on
the 26 April that supplied additional low-energy electrons to the radiation belts (Figures 1a and 1b). After a
further dropout on 1 May, a second enhancement of the 1-MeV flux was observed. The second enhancement
relates to a longer period of southward Bz and an increased low-energy electron population (Figures 1a–1c)
that penetrates further into the radiation belt region. The 1-MeV flux is now more than an order of magnitude
higher than the pre-event levels, with both MagEIS instruments recording a 1-MeV electron flux in excess
of 103·cm−2·s−1·sr−1·keV−1 for much of the outer radiation belt region.

To run the BAS-RBM for the period shown in Figure 1, we formulate a LEB condition from MagEIS obser-
vations. The minimum energy for the calculation was selected as ∼161 keV at L∗ = 5.5 (𝜇 = 100 MeV/G for
a 90◦ particle in a dipole magnetic field). Throughout the rest of the paper, the 𝜇 value for a 90◦ particle cor-
responding to the minimum energy chosen at L∗max will be denoted by 𝜇min. Two different approaches were
taken for calculating the LEB condition. The first involved binning the MagEIS flux into 0.1L∗ bins, interpo-
lating the flux to the energy of the LEB, then time averaging over the period (taking the geometric mean).
This provided a constant LEB condition, without seed population enhancements, and is shown in Figure 2a.
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Figure 1. Local perpendicular electron flux from the 31.7-, 105.0-, 346.0-, 742.0-, and 1013.5-keV channels of the
Magnetic Electron Ion Spectrometer on board Van Allen Probes A and B (panels a–e) for the period from the 21 April
to 9 May 2013. Solar wind speed (black line) and the z component of the interplanetary magnetic field (red line) are
shown in panel f.

Second, we used the MagEIS data to formulate a time-dependent LEB condition at the same energies. In
this instance, as well as binning the data by 0.1L∗, the flux was binned into 4.5-hr intervals. The resulting
time-varying LEB flux is shown in Figure 2b. Time variations of the electron flux on the LEB spanned more
than 2 orders of magnitude, shown by the red line in Figure 2c for L∗ = 4.5. At the start of the period some
of the MagEIS energy channels had missing data as the flux was below the background level. During this
time we set the flux to 50 cm−2·s−1·sr−1·keV−1 as a value was required for the boundary conditions.

The simulated flux at 1013.5 keV, for 90◦ pitch angle, resulting from using the constant LEB condition in
the BAS-RBM, is shown in Figure 3b. The MagEIS observed flux at this energy is also given in Figure 3a for
a local pitch angle of 90◦ (previously shown in Figure 1e). Both the first and second enhancements of the
1-MeV model flux are lower than observations (Figure 3c). Following the second enhancement event, near
L∗ = 4–5, the 1-MeV population was lower than data by up to a factor of 10. Both enhancements relate to
small magnetic storms (Figure 3g), and the AE and Kp indices are given for reference (Figure 3e).

The BAS-RBM was also run using the time-varying LEB condition (Figure 2b), and the resulting electron flux
at 1,013.5 keV, 90◦ pitch angle, is shown in Figure 3d. All the other boundary conditions and the diffusion
coefficients were identical to the simulation shown in Figure 3b. Figure 3d reveals that the 1-MeV flux was
larger when the time-varying LEB condition was employed, particularly during the second enhancement.

ALLISON ET AL. 4
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Figure 2. The electron flux along the low-energy boundary (𝜇min = 100 MeV/G) of the British Antarctic Survey
Radiation Belt Model using time-averaged Magnetic Electron Ion Spectrometer data to supply a constant flux profile
(panel a) and retaining the temporal information in 4.5-hr intervals (panel b). The electron flux at L∗ = 4.5 through the
constant (black line) and time-varying (red line) low-energy boundary conditions are shown in panel c.

The ratio between the model output and the MagEIS observations (Figure 3e) demonstrates that this second
enhancement is now closer to observations for L∗ > 4 than in the previous model run. The region where the
ratio is approximately 1 (white) varies from L∗ = 4.5 to L∗ = 3.5 during the period and, following the second
enhancement, generally lies at a higher L∗ than the simulation with a constant LEB flux.

The results presented in Figure 3 demonstrate that, during the second enhancement event, the rise in the
low-energy seed population increased the level of the 1-MeV flux. Chorus wave activity varies throughout
the simulation. Increases in the seed population tend to coincide with periods of enhanced AE, and as the
chorus diffusion matrix was driven by AE, enhanced chorus diffusion (Horne et al., 2013). The time-varying
LEB condition showed similar decay rates for both of the enhancements, and in each instance differed from
the constant boundary flux by more than an order of magnitude (Figures 2a and 2b). However, there was
a much greater difference between the model results for the second ∼1-MeV enhancement event (1 May)
than the first (24 April).

4. Varying the Energy of the LEB
Some radiation belt models use time-invariant LEB conditions (Subbotin, Shprits, Ni, et al., 2011, 2010;
Varotsou et al., 2008). These models set the energies of LEB to low values (around 10 keV) where, during
active times, the electrons are likely to be on open drift paths due to an enhanced convection electric field
(Li et al., 2010; Thorne et al., 2007; Zhang et al., 2015). The assumption is then made that the number of
electrons supplied by enhanced convection and those lost on open drift paths and by precipitation ultimately
balance and so the level of the flux at these energies remains relatively constant (Subbotin, Shprits, Ni, et al.,
2011).

When the LEB is around 10 keV the flux ≳10 keV is determined by diffusion from the LEB and outer bound-
ary condition. However, data show that electrons can be injected into the radiation belt region over a range
of energies by electric fields (Dai et al., 2015). Placing the LEB at a higher energy better includes electrons
that are from a nondiffusive origin. Additionally, seed population electrons are largely influenced by the con-
vection electric field and the electron flux at these energies is magnetic local time (MLT) dependent during
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Figure 3. Van Allen Probes A and B Magnetic Electron Ion Spectrometer, 90◦ local pitch angle, 1,013-keV electron flux
observations (panel a). The 1,013-keV, 90◦ pitch angle flux outputted by the BAS-RBM having used the time-invariant
low-energy boundary condition (panel b). Ratio between the model output shown in panel b and the Van Allen Probes
observations (panel c). The 1,013 keV, 90◦ pitch angle flux from the model using the time-varying low-energy boundary
condition (panel d). Ratio between the model output shown in panel d and the Van Allen Probes observations (panel
e). The AE and Kp indices for the period (panel f). The Dst and solar wind pressure for the period (panel g). RBSP =
Radiation Belt Storm Probes; MagEIS = Magnetic Electron Ion Spectrometer; BAS-RBM = British Antarctic Survey
Radiation Belt Model.

active times (Allison et al., 2017). As 3-D radiation belt models do not include the MLT dimension, working
under a drift-averaged assumption, large MLT asymmetries may introduce errors into the calculation. To
avoid MLT variations, some radiation belt models set the LEB at higher energies, away from the convective
energy range (Albert et al., 2009; Glauert et al., 2018, 2014a, 2014b).

To investigate the effect of the location of the LEB, we reduce the energies of the LEB condition, setting 𝜇min
= 30 MeV/G, and also explore the effect of moving the boundary up in energy, using 𝜇min = 200 MeV/G. In a
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Figure 4. Electron flux from the British Antarctic Survey Radiation Belt Model at 1,013 keV, 90◦ pitch angle, for time-constant low-energy boundary condition
at energies given by 𝜇min = 30 MeV/G (a) and by 𝜇min = 200 MeV/G (e), and for a time-varying low-energy boundary condition at energies given by 𝜇min = 30
MeV/G (c) and by 𝜇min = 200 MeV/G (g). The ratios between the model outputs and the Magnetic Electron Ion Spectrometer observations are shown on the
right-hand side for each of the four model runs presented.

dipole field, 𝜇min = 30 MeV/G corresponds to ∼53 keV at L∗ = 5.5, while 𝜇min = 200 MeV/G, corresponds to
∼291 keV. For each value of 𝜇min we calculate both a constant and time-varying LEB condition from MagEIS
observations in the manner discussed in section 3.

Figure 4 shows the result of using lower (panels a–d) and higher energies (panels e–h) for the LEB. When
using a constant LEB condition, a higher flux at 1 MeV was achieved for 𝜇min = 30 MeV/G (Figure 4a)
than for 𝜇min = 100 MeV/G (Figure 3b). Comparing Figure 4c with Figure 3d indicates that the flux was
also higher for the 𝜇min = 30 MeV/G time-varying LEB condition. The second 1-MeV flux enhancement,
occurring on the 1 May 2013, was nearly a factor of 10 higher than the MagEIS data for 3.5 < L∗ < 5 when
the 𝜇min = 30 MeV/G time-varying LEB condition was used (Figure 4d).

Conversely, when 𝜇min = 200 MeV/G, the 1-MeV flux was lower than the observations (Figures 4f and 4h)
for L∗ > 4.5 during the first and second enhancements. Thus, the results indicate that raising the energies
of the LEB condition reduced the 1-MeV flux, contrary to what one might expect.

To see how the model results compare to the observed electron spectrum, Figure 5 shows the flux-energy
distributions at L∗ = 4.5 for selected times, from Van Allen Probe A measurements (panel a) and from the
BAS-RBM using constant (panels b, d, and f) and time-varying (panels c, e, and g) LEB conditions. Measure-
ments from the MagEIS instrument are shown as plus symbols, while REPT observations are indicated by
diamonds. A slight discontinuity between the MagEIS and REPT observations can be observed, which we
have not attempted to resolve, instead choosing to concentrate on the ∼1-MeV flux from MagEIS. Vertical
dashed lines mark the 1-MeV location for reference.

The model results from the constant LEB condition (Figures 5b, 5d, and 5f) tend to be lower than observa-
tions across a broad energy range, which ultimately affected 1-MeV enhancements. However, we note that
there was better agreement when the low-energy values were set by smaller 𝜇min (Figure 5b). For some of
the selected times, a minimum can be seen near ∼200 keV in both the model flux and the Van Allen Probe
A measurements. This is due mainly to loss by precipitation in this energy range.

Generally, observed flux levels were best reproduced when the time-varying LEB conditions were used
(Figures 5c, 5e, and 5g). As data are used to set the variable LEB condition, the model flux in Figures 5c, 5e,
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Figure 5. Flux-energy distributions from selected times during the 21 April to 9 May 2013 period at L∗ = 4.5. (a) The
Magnetic Electron Ion Spectrometer (plus symbols) and Relativistic Electron Proton Telescope (diamonds)
observations from Van Allen Probe A. These symbols have been added for comparison on all of the panels shown.
Additionally, for reference, a vertical dashed line marks 1 MeV. The colored lines in panel (b) show the British
Antarctic Survey Radiation Belt Model output from the time-constant low-energy boundary, 𝜇min = 30 MeV/G run
and, panel (c), the time-varying low-energy boundary at the same minimum energies. Panels (d) and (e), respectively,
show the model outputs for the time-constant and time-varying low-energy boundary conditions at energies given by
𝜇min = 100 MeV/G. Panels (f) and (g) show the model outputs for the time-constant and time-varying low-energy
boundary conditions at energies given by 𝜇min = 200 MeV/G. RBSP = Radiation Belt Storm Probes.
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and 5g agrees well with observations at energies close to the respective lowest energy, which varies between
the three model runs. Using the 𝜇min = 30 MeV/G time-varying LEB condition (panel c) tended to result in a
higher flux during active periods than the MagEIS observations, particularly for energies >400 keV. A peak
in the electron flux arises at 24 April 2013 12:00:35 for the 𝜇min = 200 MeV/G model run shown in Figure 5g
(black curve), resulting from a decrease in the variable LEB flux. This spectral form was not reflected by the
Van Allen Probe A observations and is discussed further in section 7.

With the exception of periods where “s-shaped” flux-energy distributions are observed (Reeves et al., 2016;
Ripoll et al., 2016), the electron flux in the radiation belts generally falls with increasing energy (Cayton
et al., 1989). As a result, when the LEB is moved down in energy, the PSD on the boundary will increase.
This will raise the maximum PSD that can be achieved by diffusion to higher energies and may be a reason
for the higher flux at 1 MeV seen in Figures 4 and 5 when lower values of 𝜇min were employed. Another
reason is that the 3-D BAS-RBM does not include convection terms and therefore does not include convec-
tive loss to the magnetopause. This missing loss process will be most important for the lowest energies that
are only included in the simulations with 𝜇min = 30 MeV/G. In Figure 5c the flux was higher than the data
at 1 May 2013 23:42:35, during the second enhancement (green line), for energies ≳90 keV. Convective loss
would likely reduce the flux at the lowest energies shown here, lowering the available seed population and
preventing their acceleration to higher energies. Additionally, the model may underestimate the precipita-
tion during this active period. It is likely that a combination of the above reasons resulted in the model flux
exceeding observations for the second 1-MeV enhancement when the 𝜇min = 30 MeV/G time-varying LEB
condition was used.

Another important factor is the efficiency of chorus diffusion for different electron energies. Figure 5 shows
more temporal variability in the flux at all energies, including 1 MeV, for lower values of𝜇min. Short lived flux
enhancements that occur at ∼100 keV (see Figure 1b) may be rapidly accelerated by chorus waves, raising
the flux at 1 MeV.

5. Size of the Seed Population Enhancement
To understand the effects of chorus waves on the seed population in more detail, we use the 2-D BAS-RBM,
neglecting radial diffusion (Horne et al., 2018). We performed an idealized study at L∗ = 4.5. For the initial
condition, the electron PSD was set to a constant value at all energies and pitch angles, except at the LEB,
where PSD was set to a value a 100 times higher. Thus, the only initial energy gradient in the calculation
was from the LEB condition and all subsequent PSD enhancements in the model originate from diffusing
electrons from the LEB. Figure 6a shows the initial PSD profile, with the lowest energy in the calculation set
to 10 keV. The chorus diffusion coefficients were held constant for the duration of the simulation, set using
AE = 500 nT (Horne et al., 2013) to represent active conditions, and the resulting PSD profile after 24 hr is
shown in Figure 6b.

The 10-keV electrons have been accelerated up to ∼200 keV by the chorus waves. For the energy range
from ∼200 to ∼900 keV, the PSD has decreased from the initial levels, forming a gap between the <200- and
>900-keV energies. Above ∼900 keV there has been little-to-no change from the initial condition. Therefore,
Figure 6b shows that the 10-keV electrons from the LEB condition were not accelerated up to >1-MeV
energies after a day of continuous chorus wave activity.

The same model setup described above was run for a 30-day period, and the results are shown in Figure 6c.
Very little difference was observed between the PSD profile after 20 days (not shown) and after 30 days,
implying that we are approaching a steady state solution. The PSD gap between ∼200 and ∼900 keV has
persisted even after 30 days, and the 10-keV electrons from the LEB condition were still not accelerated
up to >1 MeV, even after a month of continuous chorus wave activity. Either the rate of loss from chorus
waves in the 200- to 900-keV energy range was faster than the rate of acceleration, preventing electrons from
reaching >900-keV energies, or chorus diffusion was not effective up to 1 MeV for the selected activity. The
chorus diffusion coefficients were increased to correspond to AE = 900 nT and the model run again for
30 days (Figure 6d). Even with larger chorus diffusion coefficients, the >1-MeV PSD still did not show an
enhancement.

Figure 6e shows the result after running the 2-D BAS-RBM for 30 days with AE = 500 nT where the initial
PSD profile was the same as shown in Figure 6a, but the PSD at the LEB was a factor of 100 higher. Now the
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Figure 6. Electron phase space density profiles resulting from idealized experiments with the 2-D British Antarctic Survey Radiation Belt Model. Chorus
diffusion rates correspond to (b, c, e, and f) AE = 500 nT, or (d only) AE = 900 nT. Panel (a) shows the shape of the initial PSD distribution used for the model
runs in (b)–(d). The resulting PSD is shown after (b) a day and (c) 30 days. Panel (d) shows how the initial PSD in (a) has changed after 30 days, using chorus
diffusion coefficients set by a higher activity. In panels (e) and (f), the PSD on the LEB is a factor of 100 higher than in (b)–(d), and the 2-D British Antarctic
Survey Radiation Belt Model was run for a 30-day period. The initial PSD, away from the LEB condition, is a factor of 100 higher in (f) than in (e). PSD = phase
space density; LEB = low-energy boundary.

10-keV electrons can be accelerated up to >1-MeV energies by chorus waves at L∗ = 4.5. In Figure 6f, the
LEB condition was identical to that used in Figure 6e, but the initial PSD has been raised such that the PSD
gradient at the LEB is the same as for Figures 6a–6d. Once the PSD-energy gradient was reduced to previous
levels, the >1-MeV electron flux did not show an enhancement after 30 days, even though the PSD level at
10 keV had not changed. It is therefore the gradient in the PSD-energy profile, which is important for the
>1-MeV enhancement rather than the level of the PSD on LEB. Increasing the size of PSD-energy gradients
( 𝜕𝑓
𝜕E

in equation 1) increases the rate of energy diffusion, allowing the energy diffusion to overcome losses
and enable an increase in flux all the way up to a few megaelectron volts.

Energy diffusion by chorus waves is not effective at pitch angles near 90◦ for≤200-keV electrons (purple area
on bottom right of Figures 6b–6f), and as a result, the model gives large pitch angle gradients in this region.
For the model results in Figure 6, these large negative pitch angle gradients cause diffusion toward 90◦,
resulting in PSD enhancements at high pitch angles not seen at lower energies. This is clearest in Figure 6e,
where the PSD at 89◦ is greater than initial levels for energies >200 keV, but for <200 keV, at this pitch angle
the PSD has not increased from the initial condition.

Figure 7 considers a wider range of LEB values than Figure 6. Panel (a) shows the ratio at 1 MeV of the PSD
after 30 days to the initial PSD, 𝛼 = 90◦, L∗ = 4.5, for different minimum energies. For all model runs, and
for the entire 30-day period, we use chorus diffusion coefficients corresponding to AE = 500 nT. A dashed
line marks a ratio of 1, separating where the 1 MeV PSD has shown a net decrease after 30 days (<1) from
where a net increase was observed (>1). When the LEB was set to 10 keV, an increase in the 1-MeV PSD
level was only observed for a boundary PSD of 1068 m6·s−3·kg−3 (green curve), otherwise the ratio was less
than 1. However, as the energy of the LEB condition was increased, a ratio greater than 1 could be obtained
for smaller PSD values. Figure 7a therefore suggests that the 1-MeV population is sensitive to small PSD
gradients at a few hundred kiloelectron volts. The electron energies that can be accelerated to 1 MeV are
determined by the size of the enhancement and the resulting PSD-energy gradients.

Figure 7b shows the same results as Figure 7a, but at L∗ = 5.5 instead of L∗ = 4.5. Very similar trends are
observed as seen in Figure 7a; however, for the same energy, moderately smaller PSD enhancements were
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Figure 7. Ratio between the final (after 30 days) and initial phase space
density at 1 MeV, 90◦ pitch angle plotted against the energy at which a
phase space density enhancement, of various magnitudes (different colored
lines), was supplied. Panel (a) shows the results at L∗ = 4.5 and panel (b) at
L∗ = 5.5. A dashed line marks the ratio of 1, separating the region where
the final 1-MeV phase space density (PSD) was enhanced from where it
showed a net decrease. Away from the low-energy boundary, the initial PSD
was set to 1065·m−6·s3·kg−3 at all energies and pitch angles.

required to achieve a 1-MeV enhancement. This suggests that, at larger
L∗, chorus waves are better able to accelerate lower-energy electrons to
>1 MeV energies.

6. Importance of the PSD-Energy Gradients in the
Radiation Belt Region
In the simulations presented in section 5, there were initially no gradients
in the PSD apart from that at the LEB. To test the importance of initial
gradients, Figure 8a presents two 2-D BAS-RBM runs for L∗ = 4.5, 𝛼 =
85◦, each starting with a different PSD distribution, one using a soft spec-
trum (red dotted line) and the other using a hard spectrum (blue dotted
line). In both cases, the same PSD has been used on the LEB and isotropic
pitch angle distributions assumed. Only chorus diffusion is included, and
again, diffusion coefficients correspond to AE = 500 nT for both runs.

After an hour, the soft spectrum showed an increased PSD for energies
≤350 keV (red dashed line), while, over the same energy range, the PSD of
the hard spectrum remained mostly the same as the initial configuration
(blue dashed line). Following a day of chorus activity, the soft spectrum
(red thick line) showed an increased PSD for <400 keV, but slight PSD
decrease at higher energies. In contrast, for the hard spectrum (blue thick
line), the PSD has decreased for energies <500 keV but a small increase
can be observed in the 500-keV to 1-MeV energy range. Ultimately, both
starting PSD distributions evolve to the same steady state, showing the
same final form after 30 days (thin red and blue line) and the 1 MeV PSD
has decreased from initial levels.

For the hard spectrum, the initial gradients at ∼500 keV were such that
chorus acceleration to ≥500 keV was faster than the rate of loss. However,
as time passed and electrons around 500 keV were lost or accelerated,
this gradient shallowed to the point that acceleration to ≥500 keV was no
longer faster than the loss rate and the ∼500-keV to 1-MeV energy range
ultimately experienced a net loss. Due to the initial PSD-energy gradients,
the PSD profile evolved differently toward the same steady state form.
In this case, whether the ∼500-keV to 1-MeV energy range showed an

Figure 8. The evolution of different phase space density distributions at 𝛼 = 85◦ in the 2-D British Antarctic Survey
Radiation Belt Model, one shown in red the other in blue. Two different values for the low-energy boundary phase
space density at 100 keV were considered (panels a and b).
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enhancement or a decrease depended on the initial PSD energy gradients as well as on the duration of the
chorus wave activity.

Figure 8b again shows the evolution of both a hard and soft initial spectrum, but with larger PSD gradients
than for Figure 8a (note different scale). The PSD profiles evolved at a faster rate than in Figure 8a for both
initial distributions. In this case, the PSD at 1 MeV has increased by a factor of ∼7 in 3 days for both the hard
and soft spectrum. The larger gradients in PSD cause the two spectra to tend to the same form more rapidly,
and show similar PSD values, particularly for energies <800 keV, after 3 days of chorus wave activity.

7. Discussion
Previous work by Reeves et al. (2003) found that only about half of all storms increased the flux of relativistic
electrons in the radiations belts. The remaining ∼50% either showed no change in the relativistic flux level,
or a decrease. Local acceleration by whistler mode chorus waves is thought to be the dominant mechanism
for most >1-MeV enhancements in the outer radiation belt region (Boyd et al., 2018). Chorus waves are
known to cause both loss and acceleration (Horne, Thorne, Glauert, et al., 2005), and the balance between
these two processes is therefore important for determining whether the relativistic electron flux will increase
or decrease during a storm. The 2-D BAS-RBM runs shown in Figure 8 demonstrated that, after 1 day, even
with the same chorus diffusion coefficients and the same LEB condition, the PSD of the ∼500-keV to 1-MeV
electrons increased for the soft spectrum, but decreased for the hard spectrum. The preexisting gradients in
PSD with energy were important for the rate of energy diffusion, and thus important to determine whether
the rate of acceleration by chorus waves was faster than the rate of loss. This suggests that the state of the
radiation belts prior to periods of high activity is an important factor to determine whether the relativistic
flux level will be enhanced or decreased during an event.

In this paper, we have shown a better agreement between the model and data when we include variations in
the seed population (e.g., Figure 3). The results agree with Jaynes et al. (2015) who found that increases in
both the source and seed populations were essential for>1-MeV flux enhancements, suggesting that a higher
source population led to higher chorus wave power. However, Jaynes et al. (2015) drew their conclusions
from interpreting observations, whereas in this paper we have used a chorus wave model (Horne et al., 2013)
and calculated the effect on the electron flux to show explicitly that the seed population increase was an
important component leading to the second 1-MeV enhancement in the 21 April to 9 May 2013 period.

Using time-varying event-specific LEB conditions in the 3-D BAS-RBM allows the PSD on the LEB condition
to decrease as well as increase. Considering Figure 5g, the data show low flux over a range of energies at 24
April 2013 12:00:35 following a flux dropout (black symbols). Corresponding to this, the LEB condition was
reduced, introducing positive gradients in the energy spectrum (black line). A decrease in the LEB may result
in diffusion to lower energies, if chorus waves are present, reducing the PSD in the calculation. However, the
agreement between model and data at subsequent times in Figure 5g was better than when using a constant
LEB condition (Figure 5f). Additionally, Figures 3 and 4 show that larger 1-MeV flux values were produced
when time-varying LEB conditions were used, suggesting that the net effect was to increase the electron
flux. It would therefore appear that possible PSD reductions only made a small contribution. This is likely
because, generally, the low-energy populations will decrease during quiet times, when diffusion coefficients
are lower.

While whistler mode chorus waves have been shown to be a particularly important acceleration mecha-
nism (Bortnik & Thorne, 2007; Horne & Thorne, 1998; Horne, Thorne, Glauert, et al., 2005; Horne, Thorne,
Shprits, et al., 2005; Summers et al., 1998; Thorne et al., 2005), other processes, such as radial diffusion, have
a considerable impact on the radiation belt region (Shprits & Thorne, 2004; Su et al., 2010). The experiments
with the 2-D BAS-RBM presented in sections 5 and 6 were very idealized and provided an investigative tool
in order to better understand the energy dynamics in the radiation belts, omitting radial diffusion. In reality,
the standard picture is likely more of a three-step process, where the seed populations are enhanced, locally
accelerated by chorus waves, and then redistributed by radial diffusion (e.g., Horne, 2007), further increas-
ing the electron energy by inward motion (Boyd et al., 2014; Thorne et al., 2013). As a result, radial diffusion
of locally energized electrons to lower L∗ values could produce >1 MeV electrons from the seed popula-
tion enhancement, even if the PSD-energy gradients were not sufficient for local acceleration to >1-MeV
energies from chorus waves alone.
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Figures 3 and 6 demonstrated that PSD gradients introduced by enhancements in the LEB condition were
important to determine whether the 1-MeV population was enhanced by chorus wave activity. We note that
diffusion could drive variations in these gradients faster than the LEB condition is updated. By setting the
LEB condition from observations, the update rate was limited by the orbital period of the satellite (satellites),
in this case the Van Allen Probes. Future work will focus on using a data-driven LEB condition with a
higher time resolution, such as those derived from low earth orbit observations (Allison et al., 2018), to better
include changing PSD gradients and determine the effect on the model result.

The Van Allen Probes precess slowly in MLT, and therefore for a particular L∗, supply seed population
observations localized in MLT. However, during active periods, as the dynamics of the lower-energy popu-
lations are so affected by the convection electric field (Califf et al., 2017), the seed population can be highly
MLT dependent (Allison et al., 2017), with higher flux in the dawn-sector than the dusk. Therefore, one
would expect the PSD gradients at seed population energies to also be higher on the dawn side of the Earth.
Chorus waves are mainly observed in the nightside, dawnside, and dayside MLT sectors (Meredith et al.,
2012). Therefore, larger PSD gradients are present in regions of chorus wave propagation than otherwise.
Up-and-coming 4-D radiation belt models will allow for further exploration of MLT dependent PSD-energy
gradients (Shprits et al., 2015).

8. Conclusions
Using both the 3-D and 2-D BAS-RBM, the effect of changes in the seed population has been explored. Two
enhancement events between the 21 April to 9 May 2013 period were studied using the 3-D model, including
and excluding seed population enhancements and varying the energies of the LEB condition. Using the 2-D
BAS-RBM, a number of idealized experiments were performed in order to better understand the effect of
chorus waves on the seed population. The main conclusions are as follows:

1. The 𝜇min = 100 MeV/G time-varying LEB condition resulted in better agreement with Van Allen Probes
observations at 1 MeV than using a constant LEB flux. The seed population enhancement was an important
component to recreate the level of the 1 MeV following the 1 May 2013.

2. Contrary to expectation, raising the energies of the LEB (𝜇min = 200 MeV/G) led to lower flux at 1 MeV
and a poorer agreement with data than using 𝜇min = 100 MeV/G. Reducing the energies of the LEB (𝜇min
= 30 MeV/G) raised the flux at 1 MeV but, during active periods, produced a flux higher than observations
across a broad range of energies.

3. Low-energy enhancements change the PSD-energy gradients and can result in faster energy diffusion.
Chorus waves cause both acceleration and loss and, at the lowest energies, there is a delicate balance
between these two processes. Large enough PSD gradients in energy increase the rate of energy diffusion,
and can therefore overcome the rate of loss, allowing electrons to be accelerated to ∼1 MeV by chorus
waves.

4. Using a constant LEB condition and chorus diffusion coefficients, the PSD tended toward a steady state for
either a hard or soft spectrum. However, the evolution was different, and therefore, the initial PSD-energy
gradients prior to an event are very important in determining the response of the 1-MeV population.

The results presented in this paper have highlighted the importance of gradients in the PSD with energy,
which may differ between the dawn and dusk MLT sectors. For a more realistic analysis of radiation belt
variability we should consider the different PSD energy gradients.
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