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Abstract Previous studies have revealed a typical picture that seed electrons are transported inward
under the drive of radial diffusion and then accelerated via chorus to relativistic energies. Here we show a
potentially different process during the 2–3 October 2013 storm when Van Allen Probes observed extremely
rapid (by about 50 times in 2 h) flux enhancements of relativistic (1.8–3.4 MeV) electrons but without
distinct chorus at lower L-shells. Meanwhile, Time History of Events and Macroscale Interactions during
Substorms satellites simultaneously measured enhanced chorus and fluxes of energetic (∼100–300 keV)
seed electrons at higher L-shells. Numerical calculations show that chorus can efficiently accelerate seed
electrons at L ∼ 8.3. Then radial diffusion further increased the phase space density of relativistic electrons
throughout the outer radiation belts, with a remarkable agreement with the observation in magnitude
and timescale. The current results provide a different physical scenario on the interplay between radial
diffusion and local acceleration in outer radiation belt.

1. Introduction

Earth’s outer radiation belt dynamics has been demonstrated by the significant and rapid variations of
trapped electron fluxes, which are ultimately driven by several competing acceleration, loss, and transport
mechanisms. For the acceleration, primary mechanisms are basically categorized into two groups: radial diffu-
sion and in situ acceleration. Radial diffusion occurs continuously in the time-varying geomagnetic field with
the strength sensitively depending on the geomagnetic conditions (Cornwall, 1968; Fälthammar, 1968; Schulz
& Eviatar, 1969; Schulz & Lanzerotti, 1974). Electrons, which are initially in Earth’s magnetotail, are transported
inwardly and energized by betatron acceleration associated with ultra low frequency waves (Brautigam &
Albert, 2000; Miyoshi et al., 2003; Ukhorskiy et al., 2009; Zong et al., 2009). The corresponding process breaks
the third adiabatic invariant, L∗ (Roederer, 1970), with the first and second invariants conserved, producing
a monotonic electron phase space density (PSD) increase with increasing L∗ (Chen et al., 2007; Turner et al.,
2012). Alternatively, chorus-electron interaction (Horne & Thorne, 1998; Summers et al., 1998) can produce
efficient local acceleration of electrons (Li et al., 2007; Reeves et al., 2013; Su et al., 2009) and lead to a local peak
in the radial PSD profile. This has been confirmed by recent studies on combined satellite data and modeling
(Li et al., 2014; Thorne et al., 2013; Xiao et al., 2014). Moreover, radial diffusion and local acceleration can inter-
play in the dynamical variations of the outer radiation belt electrons. Previous works (Boyd et al., 2014; Chen
et al., 2007; Green & Kivelson, 2004; Tu et al., 2014; Xiao et al., 2010) have revealed a typical process that the
plasma sheet seed electrons are transported into the inner magnetosphere by radial diffusion, and then seed
electron population is accelerated by chorus to relativistic energies. In general, the timescale of chorus-driven
accelerations would be tens of hours or above (Horne, Thorne, Glauert, et al., 2005; Summers et al., 2007),
except for the presence of extremely strong chorus waves (Reeves et al., 2013). However, the relative contri-
butions of the radial diffusion and in situ acceleration vary from storm to storm (Tu et al., 2009; Turner et al.,
2013). Here we examine extremely rapid flux enhancements (by the factor of ∼50 within 2 h) of relativistic
electrons in the outer radiation belt during 2–3 October 2013 geomagnetic storm. We present the detailed
data analysis and numerical modeling to investigate the underlying mechanism.
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Figure 1. Overview of Van Allen Probes observation. (a) The Dst (black) and Kp (red) indexes. (b) The AE index (blue) and the solar wind dynamic pressure
P (green). (c–f ) Fluxes of relativistic electrons (1.8–3.4 MeV) from REPT instrument. (g and h) Wave magnetic field spectral density from EMFISIS instrument.
The solid, dash, and dash-dotted lines denote 0.1fce, 0.5fce, and fce, respectively. The black trace in Figure 1c denotes the plasmapause location inferred from
the upper hybrid resonance frequency.

2. Observation of Electrons and Waves During 2–3 October 2013
2.1. Van Allen Probes Observation
Recently, radiation belt observations have become much more available since the launch of Van Allen Probes
on 30 August 2012 (Mauk et al., 2013). The scientific instruments on board Van Allen Probes collect compre-
hensive data of particles and waves with excellent, high resolution. Here we use the highly relativistic electron
fluxes from the Relativistic Electron-Proton Telescope (REPT) instrument (Baker et al., 2012), the magnetic field
and wave data from Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) (Kletzing
et al., 2013), and the geomagnetic indices from the OMNI data website (https://omniweb.gsfc.nasa.gov).

As shown in Figures 1a and 1b, the time history of geomagnetic activity indices Dst, Kp, AE, and the solar
wind dynamic pressure P showed clear signatures of a moderate geomagnetic storm during 2–3 October
2013. Starting from 02:00 UT on 2 October, Dst suddenly increased to 30 nT and dropped rapidly to −67 nT
in the main phase 02:00–07:00 UT. Meanwhile, there were maximum values of Kp ≈ 8, P ≈ 35 nPa, and
AE ≈ 1, 300 nT. Figures 1c–1f present differential fluxes of relativistic (1.8–3.4 MeV) electrons measured by
REPT instrument. Obviously, relativistic electron fluxes continuously increased from 21:00 UT on 2 October in
the region L = 4.4–6.1 and reached a level about 100 times higher than the level prior to storm onset by the end
of 3 October. During 19:00–22:00 UT on 2 October, Probe B outwardly traveled through the region L = 4.4–6.1
and magnetic local time (MLT) = 13–18. Two hours later Probe A moved through the very close region of L and
MLT. In particular, relativistic electron fluxes increased by a factor of ∼30–50 in L = 4.4–6.1 during these two
passes (in 2 h). Meanwhile, Kp and AE approached maximum values of 6 and ∼800 nT, respectively, in this
interval. The plasmapause (denoted by the black trace in Figure 1c) remained below L = 4 from 06:00 UT on
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Figure 2. The snapshots of PSD with K =0.11 REG1∕2 during the recovery phase at the outbound portions of the
Van Allen Probes orbit for (a) 𝜇=1, 800 MeV/G and (b) 𝜇=2, 430 MeV/G. The color-coded labels denote the time
when Probes A (circles) and B (asterisk) crossed L∗ =5.

2 October to 02:00 UT on 3 October and then stayed in the range of L = 4–5.6. Figures 1g and 1h show the
whistler-mode (chorus and hiss) waves detected by EMFISIS instrument. Strong hiss was present mainly below
L = 5 in the recovery phase, but pronounced chorus was not observed around the region of L = 3–6.2 and
MLT = 13–21 during the entire period. As presented below, Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS) satellites observed chorus waves at higher L-shells. In general, wave growth
takes place very rapidly and reduces electron anisotropy via scattering to lower pitch angles (Gendrin, 1981).
The absence of chorus at lower L-shells might be primarily because electron anisotropy has been reduced by
transferring the free energy to chorus at higher L-shells.

An efficient way to discriminate adiabatic and nonadiabatic roles on the relativistic electron flux variations is to
obtain PSD ft profile in the adiabatic invariant space (𝜇, K , and L∗) (Green & Kivelson, 2004; Reeves et al., 2013).
The Energetic Particle, Composition, and Thermal Plasma Suite team has provided the magnetic ephemeris
data services, which include the second and third adiabatic invariants as functions of satellite positions and
pitch angle in different magnetic field models. We can obtain the pitch angle 𝛼 by interpolating, and the
kinetic energy Ek by solving equation (1) in Text S1 in the supporting information. Then the corresponding
differential flux j(Ek, 𝛼) can be obtained by interpolating between neighboring energy channels of REPT flux
data with an exponentially decaying energy spectrum (Ni et al., 2011). Finally, j can be directly converted into
PSD ft following the previous works (Chen et al., 2005, 2007). The details of PSD calculation are shown in
Text S1 in the supporting information. Here we concentrate on the rapid electron flux enhancements during
19:00–24:00 UT on 2 October. We use K =0.11 REG1∕2 (RE is Earth’s radius), 𝜇=1, 800, and 2,430 MeV/G to
obtain the PSD radial profiles by the magnetic field model OP77G (Olson & Pfitzer, 1979). We plot the con-
verted electron PSD as a function of L∗ and time along the outbound trajectories of both Probes during 2–3
October in Figure 2. The passes are color coded and labeled by the time at which each satellite crossed L∗ =5.
Between the passes labeled by 20:01 UT (black) and 22:11 UT (red), relativistic electron PSDs for 𝜇=1, 800 and
2,430 MeV/G both showed a roughly positive radial gradient and increased by about 30–50 times in the range
L∗ = 4.8–5.3 within 2 h. Considering that electron PSDs are enhanced rapidly within 2 h (with the absence of
clear chorus wave activities) and monotonically increase with increasing L∗, radial diffusion tends to dominate
over wave-particle acceleration.

2.2. THEMIS Observation
Since the in situ wave observation is confined to limited L-shell and MLT regions of the Van Allen Probes
orbits, we checked the THEMIS magnetic field and wave data from the fluxgate magnetometers (Auster et al.,
2008), search coil magnetometer instruments (Le Contel et al., 2008; Roux et al., 2008), and electron fluxes
from solid state telescope instrument. THEMIS-E moved inwardly from L = 9 to 5.8 around the midnight dur-
ing 02:30–05:00 UT in the main phase, and THEMIS-D passed the very close region of L and MLT during
20:30–23:00 UT in the recovery phase. Both THEMIS-E and THEMIS-D simultaneously observed enhancements
of energetic seed electron (100–300 keV) flux and distinct chorus in the midnight of 23–24 MLT. In particular,
electron flux increased higher than the prestorm level by a factor of ∼150 in the main phase (Figure 3a) and
∼100 in the recovery phase (Figure 3c). Enhanced chorus waves were observed in the lower band 0.1–0.5 fce

LIU ET AL. ELECTRON INCREASE BY RADIAL DIFFUSION 1264



Geophysical Research Letters 10.1002/2017GL076513

Figure 3. THEMIS observation on 2 October 2013. (a) Energetic electron energy fluxes measured by solid state telescope
and (b) wave magnetic field spectral density measured by search coil magnetometers on board THEMIS-E during
00:30–04:30 UT. The solid, dash, and dot lines denote 0.1fce, 0.5fce, and fce, respectively. (c and d) The same data but
from THEMIS-D during 19:00–23:00 UT.

(fce is the equatorial electron gyrofrequency) around L = 8.3 and MLT = 23. Those chorus waves tend to acceler-
ate those energetic seed electrons to higher energies (Horne, Thorne, Shprits, et al., 2005; Reeves et al., 2013;
Thorne et al., 2013; Xiao et al., 2009, 2014) and contribute to the observed rapid enhancements of relativistic
electron fluxes at lower L-shells.

3. Numerical Simulation
3.1. Chorus-Driven Dynamic Outer Boundary Conditions
As mentioned earlier, the observed chorus has the potential for accelerating the seed population through
energy diffusion and providing a relativistic electron source at higher L-shells. We evaluate the acceleration
effect of chorus by solving a 2-D bounce-averaged Fokker-Planck equation (Albert, 2004; Kozyra et al., 1994):

𝜕ft

𝜕t
= 1

G
𝜕

𝜕𝛼e

[
G

(⟨D𝛼𝛼⟩ 𝜕ft

𝜕𝛼e
+ ⟨D𝛼p⟩𝜕ft

𝜕p

)]
+ 1

G
𝜕

𝜕p

[
G

(⟨Dp𝛼⟩ 𝜕ft

𝜕𝛼e
+ ⟨Dpp⟩𝜕ft

𝜕p

)]
(1)

where p is the electron momentum normalized by the electron rest mass me, G=p2T(𝛼e) sin 𝛼e cos 𝛼e with 𝛼e

being the equatorial pitch angle, and T ≈1.30–0.56 sin 𝛼e; ⟨D𝛼𝛼⟩, ⟨Dpp⟩, and ⟨D𝛼p⟩= ⟨Dp𝛼⟩ denote bounce-
averaged diffusion coefficients in pitch angle, momentum, and cross pitch angle-momentum, respectively
(Glauert & Horne, 2005).
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A typical Gaussian distribution is used to model the wave spectral density (Lyons et al., 1972), with the center
frequency fm, the half width 𝛿f , and the lower and higher frequencies f1 and f2. We use a least squares Gaussian
fit to the weight-averaged chorus spectral intensity by THEMIS-D over a 5 min period (shown in Figure S1a
in the supporting information) and obtain the corresponding fitting parameters: chorus amplitude Bt =28 pT,
f1 =0.16fce, f2 =0.24fce, fm =0.2fce, and 𝛿f =0.04fce.

In addition, wave spectral density is assumed to satisfy a Gaussian distribution as a function of normal angle
(X = tan 𝜃) (Lyons et al., 1972). Following the previous work (Glauert & Horne, 2005), we choose the half width
𝛿X =0.577, the peak Xm =0, and the lower and upper angles X1 =0 and X2 =1. We assume the constant field-
aligned background number density and chorus amplitude within the latitude of occurrence𝜆=15∘ (Meredith
et al., 2001, 2003; Horne, Thorne, Glauert, et al., 2005; Li et al., 2007). We consider contribution from harmonic
resonances of wave-particle interaction up to n=±5. We obtain the ratio of electron plasma frequency to the
gyrofrequency fpe∕fce =3.51 based on the density and magnetic field data from electrostactic analyzers (ESA)
(Mcfadden et al., 2008) and fluxgate magnetometer instruments on board THEMIS-D. We find that

⟨
Dpp

⟩
∕p2

can approach >10−5 s−1 at pitch angles >30∘ for relativistic electrons (above 0.6 MeV), as shown in Figures
S1b–S1d in the supporting information. In addition, ⟨D𝛼𝛼⟩ and

⟨
D𝛼p

⟩
are approximately 10 and 3 times higher

than
⟨

Dpp

⟩
for Ek = 0.6–1 MeV.

Pitch angle boundary conditions are taken as ft =0 at 𝛼e =0∘ and 𝜕ft∕𝜕𝛼e =0 at 𝛼e =90∘. Energy boundary
conditions are assumed that ft is fixed at 0.2 MeV and 10 MeV. We adopt a kappa-type distribution function
(Xiao, 2006; Xiao et al., 2008) to model the initial condition as follows:

f k
0 (p, 𝛼e) =

NhΓ(𝜅 + l + 1)

𝜋3∕2𝜃
3∕2
𝜅 𝜅(l+3∕2)Γ(l + 1)Γ(𝜅 − 1∕2)

×
(

p sin 𝛼e

𝜃𝜅

)2l [
1 +

p2

𝜅𝜃2
𝜅

]−(𝜅+l+1)

(2)

whereΓ is the gamma function, l and 𝜅 indicate the loss cone and spectral indexes, 𝜃2
𝜅

represents the effective
thermal parameter scaled by electron rest mass energy and Nh is the number density of energetic electrons.
Using the similar fitting method (Xiao et al., 2008) and the derived pitch angle distribution of energetic electron
fluxes at L≈8.3 by THEMIS Data Analysis Software (http://themis.ssl.berkeley.edu/software.shtml), we obtain
the corresponding fitting parameters: 𝜃2 =0.08, l=0.05, 𝜅=6, and Nh =0.0064 cm−3.

Following the same treatment for the aforementioned Fokker-Planck diffusion equation (Xiao et al., 2009), we
perform the simulation over 2 h and show the temporal evolution of flux at specified times in Figure 4. Within
2 h, electron differential flux above 𝛼e =30∘ can increase by a factor of∼10 for Ek =0.6–0.8 MeV, indicating that
weak chorus with amplitude down to 28 pT could also efficiently accelerate seed population to higher ener-
gies at higher L-shells under appropriate geomagnetic conditions. Moreover, we use the chorus-induced PSD
evolution during the simulation period t = 0 − 2 h at L ≈ 8.3 (L∗ ≈ 9.0) as the dynamic outer boundary con-
dition for radial diffusion simulation in section 3.2, together with the corresponding values of pitch angle
and L∗ calculated by IRBEM-4.4.0 (http://irbem.sourceforge.net). The corresponding energies of electrons for
𝜇 = 1, 800 and 2,430 MeV/G at the outer boundary L∗ = 9.0 are about 0.66 MeV and 0.81 MeV, respectively.
Furthermore, following the previous technique (Lin et al., 2010), we find the location of magnetopause around
L = 9.5 in the period of interest. Since the magnetopause is far away from the region of local acceleration, the
magnetopause-shadowing loss can be negligible in simulations.

3.2. Radial Diffusion Simulation and Results
We simulate the aforementioned 2 h rapid PSD ft evolution by solving the following radial diffusion equation
(Schulz & Lanzerotti, 1974) in the adiabatic invariant coordinate:

𝜕ft

𝜕t
= L∗2 𝜕

𝜕L∗

|||||𝜇,J
(

DL∗L∗

L∗2

𝜕ft

𝜕L∗

) |||||𝜇,J (3)

The quantitative effect of radial diffusion is included in the diffusion coefficient DL∗L∗ , which combines the
Kp-dependent magnetic field perturbation coefficient DM

L∗L∗ (Brautigam & Albert, 2000) and the electric field
perturbation DE

L∗L∗ (Albert et al., 2009; Schulz, 1991; Su et al., 2010a, 2010b). The overall radial diffusion
coefficient DL∗L∗ can be written as

DL∗L∗ = PmDM
L∗L∗ + PeDE

L∗L∗ (4)
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Figure 4. Flux evolution of relativistic electrons (0.5–1.0 MeV) due to resonant interactions with the observed chorus around L = 8.3.

where Pm and Pe are the free parameters. Here we use the time-dependent Kp=6 − t∕3 (the unit of t is hour)
and then obtain the optimal free parameters Pm =1.0, Pe =0.01 by performing lots of test simulations following
the previous technique (Su et al., 2010a).

We obtain the initial PSD in the region L∗=3.5–5.5 (L ∼ 3.6–6.1) by a nonlinear least squares fit (Marquardt,
1963) to the data during the pass labeled by 20:01 UT and extend to L∗ =9.0. The PSD is taken as fixed at the
inner boundary L∗=3.5.

We present the comparison between the observation (discrete) and simulation (solid) results in the region
L∗ =3.5–5.5 for 𝜇 = 1, 800 and 2,430 MeV/G in Figure 5. We also show the entire profile of radial diffusion
simulation results of electron PSD at L∗ = 3.5–9 in Figure S2 in the supporting information. We find that the
numerical calculations show a remarkable agreement with the observation in magnitude and timescale.
Specifically, electron PSDs increase very rapidly by∼50 times in 2 h at the higher L∗ regions (L∗ = 4.8–5.3) and
remain at a low level at the lower L∗ regions (L∗<4.2).

It should be mentioned that the electron PSD increased gradually at L∗ = 4–5 (L ∼ 4.2–5.5) and showed a neg-
ative radial gradient after the pass labeled by 22:11 UT, as shown in Figure 2. Meanwhile, THEMIS-D observed
distinct chorus around L = 6–7.2 during 22:00–23:00 UT on 2 October, suggesting that chorus-driven accel-
eration tends to increase the relativistic electron flux after 22:00 UT. Furthermore, following the technique
(Li et al., 2013; Ni et al., 2014), we use the POES electron data to infer the chorus intensity in the region of
L = 5, MLT = 0–4, and 20–24 during 16:00–24:00 UT on 2 October. We find that pronounced chorus is present
mostly after 21:30 UT on 2 October (shown in Figure S3 in the supporting information), which could explain the
fact that electron PSD peaks occurred around L∗=4.5–5.0 at the later recovery phase. However, considering
that there are some uncertainties in accurate determination of chorus from the above technique, a detailed
modeling is beyond the scope of this study and needs to be done in the future.

4. Summary

In this study, we have investigated the collected data of Van Allen Probes and THEMIS satellites during a mod-
erate storm at 2–3 October 2013 with the minimum Dst =−67 nT. Van Allen Probes encounter very rapid
increases in fluxes of relativistic (1.8–3.4 MeV) electrons in L = 4.4–6.1 by a factor of ∼50 within 2 h but in the
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Figure 5. (a) The comparison of electron PSD at 𝜇 = 1, 800 MeV/G between the observation (discrete) and calculation
(solid) in the region L∗ = 3.5–5.5. The black line denotes the initial PSD. (b) The same but for 𝜇 = 2, 430 MeV/G.

absence of distinct chorus waves. The corresponding electron PSDs display a roughly positive radial gradi-
ent in the range L∗ = 4.0–5.5. Meanwhile, THEMIS satellites measure enhanced chorus and fluxes of energetic
seed (∼100–300 keV) electrons at L∼8.3 and MLT∼23 during the storm.

Using the fitting parameters based on THEMIS satellites and solving the 2-D Fokker-Planck diffusion equation,
we find that the observed chorus can enhance flux of relativistic (0.6–0.8 MeV) electrons above 𝛼e =30∘ by a
factor of ∼10 within 2 h at higher L-shells. Then we use the chorus-driven PSD evolution at L ∼ 8.3 as the
dynamic outer boundary to perform the 1-D radial diffusion simulation for fixed 𝜇=1, 800 and 2,430 MeV/G.
It is shown that there is a remarkable agreement between modeling results and the observation in magnitude
and timescale, viz., electron PSDs increase very rapidly by ∼50 times in 2 h at the higher L-shell regions. The
current results provide a potentially different picture for the roles of in situ acceleration and radial diffusion:
chorus first locally accelerates seed electrons to higher energies at higher L-shells, and then radial diffusion
inwardly transports those electrons into the outer radiation belt, leading to a subsequent enhancement in
electron PSD (or flux) within a timescale of a few hours.
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