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Abstract.

The recent launching of Van Allen probes provides an unprece-

dent opportunity to investigate variations of the radiation belt relativistic
electrons. During the March 17-19 2013 storm, the Van Allen probes simultaneously detected strong chorus waves and substantial increases in ﬂuxes
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of relativistic (2 − 4.5 MeV) electrons around L = 4.5. Chorus waves occurred within the lower-band 0.1 − 0.5fce (the electron equatorial gyrofrequency), with a peak spectral density ∼

10−4 nT2 /Hz. Correspondingly,

relativistic electron ﬂuxes increased by a factor of 102 − 103 during the recovery phase compared to the main phase levels. By means of a Gaussian
ﬁt to the observed chorus spectra, the drift and bounce-averaged diﬀusion
coeﬃcients are calculated and then used to solve a 2D Fokker-Planck diﬀusion equation. Numerical simulations demonstrate that the lower-band chorus waves indeed produce such huge enhancements in relativistic electron ﬂuxes
within 15 hours, ﬁtting well with the observation.

c
⃝2014
American Geophysical Union. All Rights Reserved.

1. Introduction
The Earth’s radiation belts dynamics are strongly associated with wave-particle interactions which determine local acceleration and loss of energetic particles [Thorne, 2010].
On 30 August 2012, two NASA Van Allen probes were launched into highly elliptical
and low inclination orbits [Mauk et al., 2012], in order for in-depth understanding of the
processes which potentially yield dynamic evolution of the radiation belts. Diﬀerent instruments on two Van Allen probes play diﬀerent role in collecting data throughout the
Van Allen probes orbit. The Relativistic Electron-Proton Telescope (REPT) instrument
acts to measure the relativistic (1 MeV ∼ 20 MeV) electrons [Baker et al., 2012]. The
Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) is designed to collect data of wave electric and magnetic ﬁelds as well as DC magnetic ﬁelds
[Kletzing et al., 2013; Walt et al., 2013]. Currently, new advances have been made in
our understanding of the radiation belt dynamics based on the latest observation of Van
Allen probes. Baker et al. [2013] initially reported a new radiation belt relativistic electron ring which occurred between the locations 3 − 3.5RE (the Earth’s radius). Thorne
et al. [2013a] proposed that the small pitch angle diﬀusion rates induced by hiss waves
could account for the slow decay of relativistic electron ring. Shprits et al. [2013] found
that there was no gyroresonance between relativistic electrons with low latitudes waves,
probably leading to such a long-lived electron ring. Reeves et al. [2013] made a detailed
analysis of radial proﬁles of electron phase space density (PSD) and linked them to in-situ
accelerations in the heart of the radiation belts. Morley et al. [2013] used the PSD matching method to analyze error in electron PSD gathered by Van Allen probes in adiabatic
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invariant coordinates. Li et al. [2013] observed an extreme low-frequency (close to 20 Hz)
plasmaspheric hiss waves in the outer plasmasphere on 30 September 2012 when an strong
electron injection event occurred.
On 17 March 2013, a strong magnetic storm occurred with minimum Dst ∼ −132 nT
after a strong interplanetary shock encountered the Earth’s magnetosphere. The REPT
instrument observed substantial enhancements in ﬂuxes of relativistic electrons above 2
MeV at L > 3.5. In the meanwhile, the EMFISIS instrument detected enhanced whistler
mode chorus waves with frequencies from ∼100 Hz up to ∼ 10 kHz. Such simultaneous
observations tend to suggest that chorus waves can be responsible for the ﬂux enhancement
of relativistic electrons, but this requires detailed data analysis and the corresponding
numerical modeling. This is the main purpose of this study.

2. Van Allen Probe Correlated Data
Figure 1a shows the time history of geomagnetic activity Dst during March 16-20, 2013.
The storm appears to consist of a “two-step” main phase where Dst at ﬁrst dropped
rapidly down to −89 nT at 10:30:00 UT and remained almost the same level for a few
hours, and then dropped rapid again down to −132 nT at 20:30:00 UT on March 17.
Figure 1b shows the solar wind dynamic pressure. Figures 1c-f show the dynamical evolution of outer radiation belt relativistic (2 − 4.5 MeV) electrons observed by ECT-REPT
instrument onboard both Van Allen probes when they stayed around the location L = 4.5
on the nightside. Obviously, relativistic electron ﬂuxes dropped rapidly by a factor of
1-2 orders at the onset of the storm: 06:00 UT on 17 March. Such rapid ﬂux reductions
should be attributed to either the adiabatic loss (Dst eﬀect) or wave-particle interaction
(e.g., hiss-electron interaction) or the magnetopause shadowing due to inward motion of
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the magnetopause during the geomagnetic storm. During the second-step main phase,
Dst still decreased but electron ﬂuxes started to increase and reached the level comparable to the previous storm level. This is perhaps more associated with the non-adiabatic
process, e.g., wave-particle interaction. During the recovery phase from 20:30:00 UT on
March 17 to 03:00 UT on 18 March, electron ﬂuxes continued to increase and reached the
peak values by about 3 (for 2 − 3.6 MeV) or 2 (for 4.5 MeV) orders of magnitude higher
than the main phase levels. The ﬂux enhancements should come from both non-adiabatic
process and Dst eﬀect. However, Dst eﬀect appears to play a less important role since
∆Dst ≈ 55nT during the period from 12:00 UT on 17 March to 03:00 UT on March 18.
Moreover, using the relation for adjusting electron distribution due to Dst eﬀect [Li et al.,
2009], we made a rough check and found that the ﬂuxes basically increase by a few times
in considering Dst eﬀect. At the same time, the EMFISIS instrument observed intensiﬁed whistler wave activities from 06:00 UT on 17 March to 03:00 UT on 18 March on the
nightside (Figure 2). In particular, during the periods: 06:00-09:00 UT, 15:00-18:00 UT,
and 21:00-02:00 UT, the distinct wave frequency was scaled with gyrofrequency of electron fce and stayed between 0.1-0.5 fce , characteristic of the lower band of chorus wave.
Nevertheless, there is no direct observation of whistler waves on the dayside around the
location L = 4.5 because two Van Allen probes traveled near the perigee L < 2. We also
check the data from THEMIS spacecraft and ﬁnd no obvious whistler-mode wave activity
around the location L = 4.5 on the dayside. Since chorus waves are proposed to be a
leading mechanism responsible for stochastic acceleration of energetic electrons [Summers
et al., 1998; Horne et al., 2005a, b; Thorne et al., 2013b], it is expected that the observed
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chorus waves should account for the temporal evolution of relativistic electrons in this
event, which will be presented in detail in the following.

3. Numerical Modeling
Here, we focus on the storm-time period from 12:00 UT on 17 March to 03:00 UT on 18
March, when strong chorus waves and signiﬁcant enhancements in ﬂuxes of relativistic (24.5 MeV) electrons were simultaneously observed roughly in 2100 to 0300 MLT. During
the gyroresonance between chorus waves and electrons with the momentum p (or the
velocity v) and the equatorial pitch angle αe , the evolution of phase space density (PSD)
f can be described by a 2D bounce-averaged Fokker-Planck equation as follows [Kozyra
et al., 1994; Albert, 2004]:
[

(

∂f
1 ∂
1 ∂f
∂f
=
G ⟨Dαα ⟩
+ ⟨Dαp ⟩
∂t
Gp ∂αe
p ∂αe
∂p
[ (
)]
1 ∂
1 ∂f
∂f
+
G ⟨Dpα ⟩
+ ⟨Dpp ⟩
G ∂p
p ∂αe
∂p

)]

(1)

here, T (αe ) = vτb (αe )/(4LRE ) ≈ 1.30 − 0.56 sin αe gives the normalized bounce time
with τb being the bounce time in a dipole magnetic ﬁeld, G = p2 T (αe ) sin αe cos αe , ⟨Dαα ⟩,
⟨Dpp ⟩, and ⟨Dαp ⟩ = ⟨Dpα ⟩ stand for bounce-averaged pitch angle, momentum and cross
diﬀusion coeﬃcients, respectively.
Before proceeding the calculation of the chorus-induced bounce-averaged diﬀusion coeﬃcients, we need to specify the chorus wave power distributed in wave frequency and
wave normal angle. A typical Gaussian distribution is usually used to model the wave
spectral density as a function of frequency and normal angle [Lyons et al., 1972]. Figure
3 shows a least squares Gaussian ﬁt (solid) to the observed chorus spectral intensity (dot)
by Van Allen probe A over a three-minute period 17:13:00-17:16:00 UT on 17 March,
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together with the corresponding best ﬁtting values of parameters: the center frequency
fm = 0.242fce , the half width δf = 0.048fce , the lower frequency f1 = 0.195fce and the
upper frequency f2 = 0.29fce . Since the peak growth rate of whistler-mode chorus waves
tend to occur at the ﬁeld-aligned direction [Horne et al., 2003], values of the wave normal
angle (X = tan θ) are chosen as [Glauert and Horne, 2005]: the lower angle X1 = 0,
the upper angle X2 = 1, the half-width Xω = 0.577 and the peak Xm = 0. Based on
the measurements of the upper hybrid frequency, the nightside equatorial ratio of the
electron plasma frequency to the gyrofrequency fpe /fce is taken 3.8, comparable to the
density model [Sheeley et al., 2001]. We assume that the electron number density and
the wave spectral intensity remain constant along the dipolar geomagnetic ﬁeld line. We
consider contribution from harmonic resonances up to n = ±5 [Xiao et al., 2009] and the
maximum occurrence latitude of chorus waves λm = 15◦ (Figure 2).
Figure 4 displays three diﬀusion coeﬃcients induced by the nightside chorus waves as
a function of energy and pitch angle. Obviously, diﬀusion coeﬃcients roughly increase as
the equatorial pitch angle increases (except approaching 90◦ ), but decrease as the kinetic
energy increases. This probably explains the fact that the enhancement in electron ﬂux
occurs primarily at higher pitch angles, and such ﬂux enhancement becomes smaller and
slower at higher energies (Figure 1). The cross diﬀusion term (contributing to the pitch
angle and energy diﬀusion) is higher than (or comparable to) the momentum diﬀusion
term (controlling the energy diﬀusion), changing the sign rapidly and alternatively particularly in the region above ∼ 60◦ and ∼ 1 MeV. Furthermore, incorporation of all three
diﬀusion rates allows eﬃcient acceleration of relativistic (2 − 4.5 MeV) to occur at higher
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pitch angles, yielding the corresponding enhancements in relativistic electron ﬂuxes on a
timescale from a few hours to tens of hours.
Using standard ﬁnite diﬀerence methods to solve the Fokker-Planck diﬀusion equation
(1) often encounters the unstable numerical problems if the rapidly varying cross diﬀusion
terms are incorporated [Albert, 2004]. A variable transformation technique [Albert and
Young, 2005] and a Monte Carlo method [Tao et al., 2008] were proposed to overcome this
unstable problem. Here, we adopt the hybrid ﬁnite diﬀerence (HFD) method [Xiao et al.,
2009], in which the diagonal and oﬀ-diagonal (cross) diﬀusion coeﬃcients are treated by an
implicit scheme and an alternative direction implicit scheme, respectively. The numerical
grid is chosen as 91 × 91 and uniform in pitch angle and natural logarithm of momentum,
allowing no negative results occurring.
Solution of the diﬀusion equation (1) also needs to choose the appropriate and realistic
initial and boundary conditions in order for a realistic simulation of this event. Boundary
conditions in pitch angle are taken: f = 0 at αe = 0 and ∂f /∂αe = 0 at αe = 90◦ . For
the energy boundary conditions, f is assumed to remain constant at the lower boundary
0.2 MeV and the upper boundary 10 MeV, respectively.
Considering that energetic particles in tenuous and collisionless space plasmas often
display a non-Maxwellian power-law tail distribution [Vasyliunas, 1968; Viñas et al., 2005],
we model the initial condition by a kappa-type distribution function of energetic electrons
as follows [Xiao, 2006; Xiao et al., 2008]:
f0κ (p, sin αe ) =

ne Γ(κ + l + 1)
p sin αe 2l [
p2 ]−(κ+l+1)
(
)
1
+
π 3/2 θ3 κ(l+3/2) Γ(l + 1)Γ(κ − 1/2)
θ
κθ2

(2)
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here ne , l, κ, and Γ respectively represent the number density, the loss-cone index, the
spectral index and the gamma function. The eﬀective thermal parameter θ2 is scaled by
the electron rest mass energy me c2 (∼ 0.512 MeV).
Using the ﬁtting procedure in the previous work [Xiao et al., 2008], those parameters
in (2) can be straightforward speciﬁed by comparing the data from the REPT instrument
with the calculated diﬀerential ﬂux j by the conversion j = p2 f . We ﬁnd the best ﬁtting
values of parameters: θ2 = 0.4 (∼ 200 keV), l = 0.5, κ = 5 and ne = 0.0049 cm−3 .
Since the nightside chorus emission occupies roughly 25% of the whole MLT region,
energetic electrons only encounter the nightside chorus emission for about 25% in their
drifting orbit around the Earth. Hence, we apply 25% drift averaging on those diﬀusion
rates in Figure 4 as input to calculate PSD evolution due to the nightside chorus waves,
and then simulate the evolution of the diﬀerential ﬂux. Moreover, considering that electron
ﬂux or PSD is a function of both energy and pitch angle, for convenience, we average the
ﬂux over the pitch angle αe with the relation < j >=

2
π

∫ π/2
0

j sin αe dαe to compare with

the observation. In Figure 5, we plot the corresponding realistic simulation of the ﬂux
evolution at four indicated energies Ek = 2.0 MeV, 2.85 MeV, 3.6 MeV and 4.5 MeV
with the observation (Figure 1). The discrete circle symbols represent the observational
data collected by probes A and B, and the solid line denotes the simulated diﬀerential
ﬂux < j >. The modeling starts at 12:00 UT on March 17 and stops at 03:00 UT on
March 18, respectively corresponding to the lowest ﬂux level in the main phase and the
highest ﬂux level in the recovery phase. Obviously, the simulation shows a remarkably
good agreement with the data that the averaged ﬂux of relativistic increases substantially
by a factor of ∼ 103 at energies between 2 − 3.6 MeV and ∼ 102 at energy 4.5 MeV
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within about 15 hours. The electron loss in the simulation period probably comes from
the drift loss to the magnetopause boundary. A shown in Figure 1b, a relatively weak
solar wind pressure occurs in the simulation period, allowing the magnetopause boundary
to stay outside in the region 8.5 − 11RE [Lin et al., 2010], thus minimizing the electron
loss to boundary [Kataoka and Miyoshi , 2008]. Consequently, such solar wind condition
is favorable for the dramatic chorus-driven acceleration. This is analogous to the previous
study [Thorne et al., 2013b] that they similarly analyzed electron acceleration during the
October 9, 2012 magnetic storm.
It should be mentioned that a least squares Gaussian ﬁt to the observed chorus spectral intensity is performed over a speciﬁc three-minute period 17:13:00-13:16:00 UT on
17 March, corresponding to the maximum amplitude, and perhaps the broadest band
of the observed chorus around the location L = 4.5. We then use those wave parameters throughout the modeled time period due to the lack of synoptic coverage by the Van
Allen probes. If diﬀerent three-minute intervals are used, the wave parameters particularly
the wave amplitude and wave frequency change. In general, PSD evolution of electrons
is essentially controlled by the diﬀusion coeﬃcients associated with the wave magnetic
amplitude and the wave frequency range. Because diﬀusion coeﬃcients are positively
proportional to the square of wave magnetic amplitude, and the number of resonant electrons increases (or decreases) with the frequency range increases (or decreases), the PSD
evolution increases (or decreases) when the wave magnetic amplitude and the frequency
range increases (or decreases). Hence, if chorus stayed at the observed intensity for less
than 100% of the modeled time interval, the wave amplitude should decrease and then
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the timescale for acceleration should increase. However, this will not change the basic
properties of wave-particle interaction.
Moreover, in Figure 6, we provide some calculations by changing the peak wave normal
angle Xm to investigate the sensitivity of PSD variation to Xm . It is shown that all
the diﬀusion coeﬃcients are very close for diﬀerent wave peak angles. Xiao et al. [2010]
investigated the electron PSD variation versus wave normal angles and demonstrated that
a parallel (X = 0) chorus propagation approximation could provide reasonable results
within mild and medium wave normal angles. Recently, Dying et al. [2013] made a detailed
calculation how chorus-electron interaction was sensitive to the peak wave angles. They
found that diﬀerences in diﬀusion coeﬃcients were negligible within mild and medium
wave normal angles but obvious for very oblique wave angles. This is reasonable since
the diﬀusion coeﬃcients are primarily determined by Xm instead of the peak angle θm .
Within mild and medium wave normal angles, Xm does not change much even θm changes
from 0 to tens of degrees. Hence, in cases of interest, the results will not change much for
diﬀerent peak normal angles.

4. Summary
We have provided simultaneous observation of enhanced whistler-mode waves and ﬂux
evolution of relativistic electrons around L = 4.5 observed by two Van Allen probes on the
nightside during the March 17-19 2003 storm. Chorus waves stayed within the lower-band
0.1 − 0.5fce , with a peak spectral density ∼ 10−4 nT2 /Hz. In the meanwhile, substantial
enhancements in ﬂuxes of relativistic (2 − 4.5 MeV) electrons are found to occur by a
factor of 102 ∼ 103 during the period: 12:00 UT on 17 March to 03:00 UT on 18 March,
corresponding to intensiﬁed chorus waves.
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In order to reveal the inherent relation between chorus and increases in ﬂuxes, we
have calculated bounce-averaged diﬀusion coeﬃcients of momentum, pitch angle and
cross based on those realistic wave parameters obtained by a Gaussian least squares ﬁt.
When the equatorial pitch angle increases or the electron energy decreases, diﬀusion terms
roughly increase, reasonably explaining the fact that the ﬂux enhancement tends to take
place at higher pitch angles but becomes smaller and slower at higher energies. Moreover,
the cross diﬀusion term which contributes to pitch angle and energy diﬀusion is higher
than (or comparable to) the momentum diﬀusion term which controls the energy diﬀusion,
allowing the cross term also playing a key role in chorus-electron interaction.
Applying 25% drift averaging on those diﬀusion coeﬃcients to solve a 2D bounceaveraged Fokker-Planck diﬀusion equation, we have presented a realistic simulation of
the ﬂux evolution of relativistic electrons at four indicated energies: 2 MeV, 2.8 MeV, 3.6
MeV and 4.5 MeV. Modeled results ﬁt well with the observed data that the pitch-angle
averaged ﬂux of relativistic increases substantially by a factor of 102 ∼ 103 within about
15 hours. This provides a direct observational evidence for chorus-driven acceleration of
relativistic electrons in the radiation belts.
It should be mentioned that the current study focuses on whether chorus waves can
produce eﬃcient acceleration of relativistic electrons, but is not intended to identify the
relative contributions of in-situ acceleration and radial diﬀusion. The inward radial diﬀusion can also yield the observed increase of relativistic electrons if a positive PSD radial
gradient occurs during enhanced ultra low frequency wave activities [Li et al., 1997]. This
was demonstrated by [Tu et al., 2009] that the relative contributions to acceleration of
relativistic electrons from radial diﬀusion and in-situ acceleration varied from storm to
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storm. However, the radial diﬀusion coeﬃcient decreases rapidly with decreasing L [Li
et al., 2009; Brautigam and Albert, 2000], allowing smaller contribution of radial diﬀusion
in the lower L location [Xiao et al., 2010]. We provide some estimates (not shown for
brevity) for the role of radial diﬀusion on electron acceleration using our previous 3D diffusion code [Xiao et al., 2010]. We use the chorus wave parameters comparable to those in
this study and the same radial diﬀusion coeﬃcient DLL from a data-based Kp -dependent
empirical relation [Brautigam and Albert, 2000]. We ﬁnd that the diﬀerence between the
results from chorus alone and chorus+radial diﬀusion are small since the radial diﬀusion
is very weak at location L = 4.5 due to DLL ≈ L10 . In particular, PSD evolutions for
energy above 1.0 MeV near pitch angle 90◦ due to chorus alone are a few times higher than
those due to chorus+radial diﬀusion after 15h. However, a realistic 3D modeling including
wave-particle interaction and radial diﬀusion requires the knowledge on a realistic global
distribution of electromagnetic waves and the development of radial diﬀusion coeﬃcients
based on ultra-low frequency wave power. Brautigam and Albert [2000] also demonstrated
that the inward radial diﬀusion was eﬃcient in acceleration of < 1MeV electrons but hard
to account for the gradual increase of > 1MeV electrons during the recovery phase. In
addition, as performed by Reeves et al. [2013], even with the high energy resolution data
available from Van Allen probes, determining the PSD radial proﬁle still requires real-time
data of magnetic ﬁeld through diﬀerent L-shells, detailed calculations of three adiabatic
invariants: µ, J and L∗ in terms of p and α, and the conversion of the diﬀerential ﬂux
into PSD by j = p2 f . This is beyond the scope of this study but deserves a future work.
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(f)

Figure 1. Van Allen probe data during 16-20 March 2013. (a) The Dst index. (b) Solar wind
dynamic pressure. (c-f) Flux of electrons (2 − 4.5MeV) measured by ECT-REPT instrument at
the location L = 4.5 ± 0.02. The pair of vertical dot lines indicate the simulating storm period:
12:00 UT on 17 March to 03:00 UT on 18 March.
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Figure 2. (a) The Dst index. (b) magnetic ﬁeld spectral density and (c) electric ﬁeld spectral
density measured by EMFISIS instrument onboard Van Allen probe A during the period of
06:00 UT on 17 March to 03:00 UT on 18 March. The white lines obtained by the ECT-MagEIS
magnetic ﬁeld data represent 0.1fce (solid), 0.5fce (dashed) and fce (dot-dashed).
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The modeled Gaussian ﬁt (solid) to the observed wave spectra (dot) over a three-

minute period 17:13:00-17:16:00 UT on 17 March, together with the corresponding ﬁtting wave
parameters.
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Figure 4.

Bounce-averaged diﬀusion coeﬃcients of pitch angle (a), momentum (b) and cross

(c) in units of s−1 , as a function of energy and pitch angle. (d) The sign of the cross diﬀusion
coeﬃcient.
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Figure 5.

Comparison between the observed (discrete) and modeled (solid) pitch-angle aver-

aged diﬀerential ﬂuxes variation with time from 12:00 UT on 17 March to 03:00 UT on 18 March.
Note: there are more than one point and a spread at a time due to the data collected by probes
A and B in the region L = 4.5 ± 0.02.
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Figure 6. Diﬀusion coeﬃcients for diﬀerent indicated peak angles Xm = 0 (black), 0.25 (red),
0.5 (green) and 0.75 (blue). The other wave parameters are the same as those in Figure 4.
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