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Abstract Radiation belt electron ﬂux dropouts during the main phase of geomagnetic storms have
received increasing attention in recent years. Here we focus on a rarely reported nonstorm time dropout
event observed by Van Allen Probes on 24 September 2013. Within several hours, the radiation belt
electron ﬂuxes exhibited a signiﬁcant (up to 2 orders of magnitude) depletion over a wide range of radial
distances (L > 4.5), energies (∼500 keV to several MeV) and equatorial pitch angles (0∘ ≤ 𝛼e ≤ 180∘ ). STEERB
simulations show that the relativistic electron loss in the region L = 4.5 –6.0 was primarily caused by the
pitch angle scattering of observed plasmaspheric hiss and electromagnetic ion cyclotron waves. Our results
emphasize the complexity of radiation belt dynamics and the importance of wave-driven precipitation loss
even during nonstorm times.
1. Introduction
Dropout of radiation belt electron ﬂuxes occurs frequently in response to various solar wind structures [Friedel
et al., 2002; Onsager et al., 2002; Millan and Thorne, 2007]. Some adiabatic and nonadiabatic processes have
been proposed as candidate loss mechanisms. Enhancement of ring current during geomagnetic storms leads
to expansion of magnetic ﬁeld lines in the inner magnetosphere. Consequently, radiation belt electrons conserving all the three adiabatic invariants move outward and lose energies [Dessler and Karplus, 1961; McIlwain,
1966]. Such outward adiabatic transport yields the apparent decrease in radiation belt electron ﬂuxes [Kim and
Chan, 1997; Su et al., 2010a]. With the strong compression of dayside magnetosphere by solar wind, radiation
belt electrons with drift shells opened to the magnetopause are permanently lost [Li et al., 1997; Desorgher
et al., 2000]. Ultralow frequency (ULF) waves can diﬀuse radiation belt electrons toward or away from the Earth
[Fälthammar, 1965; Elkington et al., 1999; Hudson et al., 2000; Mann et al., 2012], which are able to enhance
[Reeves et al., 1998; Mathie and Mann, 2000; Su et al., 2015] or deplete [Shprits et al., 2006; Loto’Aniu et al.,
2010] the electron ﬂuxes. Some plasma waves can cause resonant pitch angle scattering and precipitation
loss of radiation belt electrons [Horne and Thorne, 1998; Summers et al., 1998; Green et al., 2004; Thorne, 2010].
Scattering by electromagnetic ion cyclotron (EMIC) waves only occurs at relativistic (approximately MeV) energies and at relatively small equatorial pitch angles [e.g., Albert, 2003; Summers and Thorne, 2003; Miyoshi et al.,
2008; Su et al., 2010b, 2011a; Kersten et al., 2014; Usanova et al., 2014; Engebretson et al., 2015; Rodger et al.,
2015; Mourenas et al., 2016], while scattering by plasmaspheric hiss and exohiss waves acts over a broad range
of energies and equatorial pitch angles [Lyons and Thorne, 1973; Abel and Thorne, 1998; Li et al., 2007; Meredith
et al., 2007; Summers et al., 2008; Thorne et al., 2013a; Ni et al., 2014; Breneman et al., 2015; Zhu et al., 2015].
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Figure 1. Projections of satellite trajectories (solid lines) and geomagnetic ﬁeld lines (dotted lines) onto (a) x -y,
(b) x -z, and (c) y-z planes of the geocentric solar magnetospheric coordinate system on 24 September 2013. The satellite
trajectories in the time range 00:00–20:00 UT are plotted. The magnetic ﬁeld lines correspond to the drift shell of
electrons with the mirror point (x = 8, y = 0, z = 0) in the TS04 geomagnetic ﬁeld model at 00:00 UT.

radial diﬀusion are usually invoked to explain the electron loss at high drift shells [e.g., Kim and Chan, 1997;
Su et al., 2010a; Turner et al., 2012, 2014; Hudson et al., 2014], and additional wave scattering is required to produce the electron loss at low drift shells [Bortnik et al., 2006; Su et al., 2011b]. However, relatively few dropout
events during nonstorm times have been investigated, and particularly, the dominant loss mechanisms under
nonstorm conditions remain unclear [Morley et al., 2010; Albert, 2014] due to the limitations in previous particle/ﬁeld observations. In this study, we analyze a nonstorm challenge event selected by the “Quantitative
Assessment of Radiation Belt Modeling” focus group under the NSF Geospace Environment Modeling program. Based on the comprehensive observations (Figure 1) of Van Allen Probes (RBSP) [Mauk et al., 2013],
Time History of Events and Macroscale Interactions during Substorms (THEMIS) satellites [Angelopoulos, 2008]
and Polar Orbiting Environmental Satellites (POES) [Evans and Greer, 2000], and the quasi-linear simulations
of STEERB model [Su et al., 2011c], we attempt to determine the loss mechanisms for this marked event.

2. Observations
Figure 2 shows the evolution of magnetospheric conditions and radiation belt electron ﬂuxes on
24 September 2013. The CDAweb-OMNI database provides three indices (Dst, Kp, and AE ) reﬂecting the activity of geomagnetic ﬁeld at the low, middle, and high latitudes (Figure 2a). The subsolar magnetopause location
is estimated based on interplanetary parameters [Shue et al., 1998] and the RBSP satellite location is mapped
to the magnetic equator along the TS04-modeled ﬁeld line [Tsyganenko and Sitnov, 2005] (Figure 2b). Radiation belt electron ﬂuxes were measured by the Magnetic Electron Ion Spectrometer [Blake et al., 2013] and
Relativistic Electron Proton Telescope [Baker et al., 2013] instruments of Energetic Particle, Composition, and
Thermal Plasma (ECT) suite [Spence et al., 2013] on board twin RBSP satellites (Figures 2c–2f ).
Before 08:00 UT, the magnetosphere was quiescent (Dst> −15 nT, Kp ≤ 1, and AE < 200 nT) with the subsolar
magnetopause Lmp > 10. Corresponding radial proﬁles of radiation belt electron ﬂuxes (black, cyan, blue, and
SU ET AL.
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Figure 2. Evolution of magnetospheric conditions and radiation belt electron ﬂuxes on 24 September 2013:
(a) magnetospheric activity indices Dst, Kp, and AE ; (b) geocentric L of RBSP and subsolar magnetopause;
(c–f ) radial proﬁles of spin-averaged electron ﬂuxes observed by RBSP during diﬀerent passages (color coded).

green lines) observed by RBSP during diﬀerent passages generally coincided with each other. After 08:00 UT,
the magnetosphere experienced some prolonged substorms (AE ≤1000 nT) but remained free from geomagnetic storms (−30 nT ≤ Dst ≤ 15 nT and 1.3 ≤ Kp ≤ 4). The most compressed magnetosphere with
Lmp ∼ 7 occurred around 12:00 UT, allowing the action of magnetopause shadowing. Low-energy (0.23 MeV)
electron ﬂuxes (red lines) were impulsively enhanced at 13:30 UT (L ≈ 5) by a substorm injection. In contrast,
high-energy (0.59, 1.8, and 3.4 MeV) electron ﬂuxes (magenta and red lines) were depleted by up to 2 orders
of magnitude outside L = 4.5 during 10:00–15:00 UT.
Figures 3 and 4 exhibit the wave power spectral density at frequencies from several megahertz to hundreds
of kilohertz observed by twin RBSP satellites. Wave spectra are obtained from the onboard spectral matrix
of Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] wave
instrument in the frequency range 10 Hz–500 kHz, the fast Fourier transformed power spectra of magnetic
ﬁeld vectors of EMFISIS magnetometer at frequencies approximately hertz, and the fast Fourier transformed
power spectra of y component electric ﬁeld (in the modiﬁed geocentric solar ecliptic coordinate system) of
Electric Field and Waves instrument [Wygant et al., 2013] at frequencies approximately megahertz. The equatorial magnetic ﬁeld magnitude Be is estimated as Be = Bo BMe ∕BMo , with the satellite-observed local magnetic
ﬁeld Bo and the TS04-modeled magnetic ﬁeld [Tsyganenko and Sitnov, 2005] at the satellite location BMo and
the corresponding equator BMe .
The upper hybrid frequency (bright lines in Figures 3a and 4a) positively correlates with the background cold
electron density [Kurth et al., 2015]. RBSP-A almost always stayed in the high-density plasmasphere, while
RBSP-B passed through the plasmapause around 15:00 UT and 18:00 UT. Plasmaspheric hiss waves (Figures 3b
and 4b) were continuously detected over a wide spatial region (2 < L < 6 and 6 < MLT < 22) before 10:00 UT
SU ET AL.
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Figure 3. Wave power spectral density over a wide frequency range observed by RBSP-A. In Figure 3c, the white lines
represent the equatorial gyrofrequencies of helium fcHe and oxygen ions fcO .

but became observable only in some intermittent intervals after 10:00 UT (probably associated with the global
evolution of plasmasphere during active times). EMIC waves (Figures 3c and 4c) were generated after 10:00 UT
and occurred predominantly in the helium band (between the equatorial gyrofrequencies of helium and
oxygen ions) over a wide spatial region (L > 4). These observed plasmaspheric hiss and EMIC waves should
contribute to the resonant scattering of radiation belt electrons. In response to solar wind disturbance, ULF
waves were enhanced in intensity by several orders of magnitude (Figures 3d and 4d), which could drive the
radial diﬀusion of radiation belt electrons [e.g., Fei et al., 2006; Huang et al., 2010a, 2010b; Tu et al., 2012; Ozeke
et al., 2014; Liu et al., 2016].
Figure 5 plots the wave power spectral density measured by Search-Coil Magnetometer [Le Contel et al.,
2008] on board THEMIS-E satellite. The corresponding equatorial magnetic ﬁeld magnitude Be is roughly estimated as Be = Bo . THEMIS-E observed moderate whistler mode chorus waves after 13:30 UT near midnight at
L = 4 –6. The chorus-driven acceleration [Thorne et al., 2013b] might still be operating even in such a dropout
event.

3. Simulations
3.1. Numerical Model
We give some brief descriptions of STEERB model and refer to our previous works [Su et al., 2010c, 2011c] for
more details. The basic equation employed is known as the drift-averaged Fokker-Planck equation for the
SU ET AL.
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Figure 4. Same as Figure 3 except for RBSP-B.

Figure 5. Wave power spectral density (with data gap after 14:10 UT) in the frequency range 0.01–3.00 kHz observed by
THEMIS-E. The white lines represent 0.1fce and 0.5fce , with the equatorial gyrofrequencies of electrons fce .
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Figure 6. Comparison between observed (dots) and modeled (line) L-dependent cold electron densities.

evolution of electron phase space density F [e.g., Schulz and Lanzerotti, 1974]:
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Wave scattering and acceleration in the observable space (equatorial pitch angle 𝛼e , momentum p, and equatorial radial distance L) and radial diﬀusion in the adiabatic invariant space (magnetic momentum 𝜇 , second
invariant J, and Roederer parameter L∗ ) have been explicitly included. Magnetopause shadowing is numerically introduced by a special boundary condition (see section 3.2). Liouville’s theorem guarantees that phase
space density in the invariant space remains constant during a fully adiabatic process. Adiabatic transport
can be implicitly incorporated through the mapping of phase space density from invariant space to observable space in a time-varying magnetic ﬁeld [Su et al., 2010a]. STEERB model adopts an azimuthally symmetric

Table 1. Plasmaspheric Hiss, EMIC, and Chorus Wave Parameters
Plasmaspheric Hiss
Amplitude (pT)

67

30

EMIC
12

Chorus

1906

52

45
35

Maximum latitude (deg)

40

15

15

Longitude percentages (%)

30

1

30

Gaussian frequency distribution

Gaussian normal angle distribution

f1 = 300 Hz

f1 = 800 Hz

f1 = 0.50fcHe

f1 = 0.05fce

f2 = 300 Hz

f2 = 800 Hz

f2 = 2000 Hz

f2 = 0.98fcHe

f2 = 0.50fce

fm = 166.5 Hz

fm = 0.0 Hz

fm = 0.0 Hz

fm = 0.75fcHe

fm = 0.25fce

Δf = 87.2 Hz

Δf = 500 Hz

Δf = 2000 Hz

Δf = 0.19fcHe

Δf = 0.10fce

X1 = 0

X1 = 0

X2 = 1
Xm = 0

X2 = 1
X=0

ΔX = 0.577

Ion composition
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Figure 7. (a and c) Wave frequency distributions and (b and d) drift-averaged equatorial pitch angle diﬀusion rates for
plasmaspheric hiss. In Figures 7a and 7c, the circles represent the RBSP-observed wave power, and the lines are the
Gaussian-modeled wave power. In Figures 7b and 7d, the diﬀusion rates at L = 5 are obtained using the modeled
wave power.

geomagnetic ﬁeld [Hilmer and Voigt, 1995; Su et al., 2011c] which allows a simple mapping relation between
L∗ and L:
B+
1
1
= −4 (
∗
L
L
B0

r+3 L2

B
−4 − (
3
)
B0
2 2

L2 + 4r+

r−3 L2
L2 + 4r−2

)3

(2)

2

with B0 = 31200 nT and Dst-dependent parameters r+ , r− , B+ , and B− [Kim and Chan, 1997; Su et al., 2010a].
At a given L∗ , the deﬁnitions of adiabatic invariants can directly serve as the mapping functions between 𝜇 – J
and 𝛼e – p spaces.
3.2. Computational Domains and Boundary Conditions
In the adiabatic invariant space, the radial computational range is L∗ ∈ [1, 7], and the mapped computational
domain of 𝜇 – J exactly covers the zone 𝛼e ∈ [0°, 90°] × Ek ∈ [0.1 keV, 5 MeV] at L∗ = 7 during the quiet period.
In the observable space, the computational domain covers 𝛼e ∈ [0°, 90°] × Ek ∈ [0.1 MeV, 5 MeV] × L ∈ [1, 7].
For this event, the apogee of RBSP was located at the duskside region. In a realistic asymmetric geomagnetic
ﬁeld, there is a diﬀerence ΔL between the radial distances of noonside and duskside drift path. In the simulations, ΔL is empirically speciﬁed as 1.0 (see Figure 1). When Lmp − ΔL is outside the computational domain, F
is ﬁxed at the outer boundary. When Lmp − ΔL is in the computational domain, outer boundary condition is
set as F(Ek > 0.1 MeV, L > Lmp − ΔL) = 0 to include the magnetopause shadowing. After magnetopause shadowing, outer boundary condition is set as 𝜕F(Ek > 0.1 MeV)∕𝜕L∗ = 0 to allow the outward radial diﬀusion. The
inner boundary condition is always set to be F(L∗ = 1) = 0 due to losses to the atmosphere.
In the observable space, the boundary conditions are speciﬁed as
F(𝛼e = 𝛼L ) = 0

𝜕F∕𝜕𝛼e (𝛼e = 90°) = 0

F(Ek = 0.1MeV) = Fl (t, 𝛼e , L)

F(Ek = 5.0MeV) = Fu (t, 𝛼e , L),

(3)
(4)

where 𝛼L is the loss cone angle and Fl and Fu are updated by the interpolation from the adiabatic invariant
space at each step.
SU ET AL.
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Figure 8. Same as Figure 7 except for EMIC waves.

3.3. Pitch Angle, Momentum, and Cross Diﬀusion Coeﬃcients
Drift-averaged equatorial pitch angle ⟨D𝛼𝛼 ⟩, momentum ⟨Dpp ⟩, and cross ⟨D𝛼p ⟩ = ⟨Dp𝛼 ⟩ diﬀusion coeﬃcients
are calculated in a dipole magnetic ﬁeld. The plasmaspheric electron density is modeled by [Carpenter and
Anderson, 1992]
Ne = 10−0.3145L+3.9043 [cm−3 ],

(5)

roughly consistent with the electron density values derived from the upper hybrid frequency [Kurth et al.,
2015] of RBSP for this speciﬁc event (Figure 6). The plasmatrough electron density is estimated by [Sheeley
et al., 2001]
Ne = 124l4 − 36l3.5 cos

𝜋(MLT − 7.7l2 )
[cm−3 ],
12

(6)

3
.
L

(7)

with
l=

In the equation (6), MLT is set to be 0 and 12 for the nightside and dayside calculations, respectively.
Knowledge of wave distributions in time, space, frequency, and normal angle is required to quantify these
diﬀusion coeﬃcients. The spatial/temporal dependence of various wave characteristics (Table 1) is hard to be
accurately determined from the available data. Wave normal angle and latitudinal distributions have been
parameterized by early works [e.g., Horne et al., 2005; Li et al., 2007; Shprits et al., 2009]. The observed frequency
distributions of plasmaspheric hiss and EMIC waves displayed obvious variability over both space and time
(see examples in Figures 7 and 8). In the following simulations, the hiss and EMIC wave spectra in Figures 7c
and 8c are used, and the corresponding longitude occurrence percentages are empirically chosen as 30%
and 1%. Such wave spectra and occurrence percentages are comparable to those widely adopted in previous works [e.g., Li et al., 2007; Summers et al., 2007; Shprits et al., 2009]. Compared to the hiss in Figure 7a,
the adopted hiss (Figure 7c) yields stronger pitch angle diﬀusion over a wide range of pitch angles and
energies (Figures 7b and 7d). Compared to the EMIC in Figure 8a, the adopted EMIC (Figure 8c) possesses
the diﬀusion coeﬃcients behaving more smoothly along the energy direction (Figures 8b and 8d). Figure 9
compares the diﬀusion coeﬃcients of EMIC waves with the diﬀerent upper frequency limits f2 = 0.98fcHe ,
f2 = 0.96fcHe , f2 = 0.94fcHe , and f2 = 0.92fcHe . The other wave parameters are the same as those in Figure 8c.
Clearly, with the decrease of upper frequency limit f2 , the minimum resonant energy increases and the
SU ET AL.
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Figure 9. Drift-averaged equatorial pitch angle diﬀusion rates for EMIC waves with diﬀerent upper frequency limits f2
at L = 5.

Figure 10. (a and c) Drift-averaged equatorial pitch angle and (b and d) momentum diﬀusion rates for nightside
(Figures 10a and 10b) and dayside (Figures 10c and 10d) chorus at L = 5 with wave parameters listed in Table 1.
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Figure 11. Comparison of observed (circles) and simulated (lines) L-dependent diﬀerential ﬂuxes of electrons with the
local pitch angle 𝛼 = 90∘ at the initial and ﬁnal states.

maximum resonant pitch angle at a ﬁxed energy decreases. For chorus waves, the frequency parameters
are empirically given based on previous works [e.g., Horne et al., 2005, 2013; Thorne et al., 2013b], and
the amplitudes and longitude occurrence percentages are inferred from the POES two-directional electron
(30–100 keV) observations [Li et al., 2013]. Compared to nightside chorus, dayside chorus can diﬀuse electrons
over a wider range of equatorial pitch angles and energies (Figure 10).
3.4. Radial Diﬀusion Coeﬃcient
The orbital period of RBSP is about 9 h [Mauk et al., 2013]. Based on ULF data of two probes within 5 h, it is
hard to diﬀerentiate the spatial variation of ULF spectrum from its temporal variation. Hence, we use the radial
diﬀusion coeﬃcients ⟨DL∗ L∗ ⟩ from the previous statistical data analysis [Ozeke et al., 2014]:
⟨DL∗ L∗ ⟩ = 2.16 × 10−8 L∗ 6 100.217L

∗ +0.461K
p

[d−1 ]

(8)

rather than from the event-speciﬁc calculation [e.g., Su et al., 2015].
3.5. Numerical Results
The simulations are initialized at 10:00 UT and ended at 14:00 UT. The initial electron distribution is given by
F(t = 0, 𝛼e , p, L) =

j(t = 0, 𝛼e = 90°, p, L)
j (p, L)
sin 𝛼e = C 0 2 sin 𝛼e ,
p2
p

(9)

where j0 (p, L) is the spin-averaged electron ﬂux observed by RBSP-A during 05:00–10:00 UT, and the equatorially trapped electron ﬂux is assumed to be j(t = 0, 𝛼e = 90°, p, L) = Cj0 (p, L) with an empirical parameter
C = 1.09. The simulated electron ﬂux j = p2 F is a function of equatorial pitch angle 𝛼e , kinetic energy Ek ,
equatorial radial distance L, and time t. At a given time t, location L and energy channel Ek , the observed differential ﬂux j depends on the local pitch angle 𝛼 . To allow the direct comparison between observations and
simulations, the local and equatorial pitch angles are related by
B
sin2 𝛼
= Mo
BMe
sin2 𝛼e

(10)

with the assumption of conserving the ﬁrst adiabatic invariant in the TS04-modeled magnetic ﬁeld.
SU ET AL.
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Figure 12. Comparison of observed (circles) and simulated (lines) equatorial pitch angle distributions of electrons with
diﬀerent energies around L ≈ 5. Diﬀerent columns correspond to simulations with diﬀerent physical processes, and
circles and lines in each panel are color coded according to time. The observation data have been smoothed over three
adjacent time points. The simulation data overlap with each other in Figures 12a–12d.

3.5.1. Competition and Cooperation of Multiple Physical Mechanisms
We perform four simulations to diﬀerentiate among the contributions of various physical mechanisms:
(1) AT, (2) AT + RD + MS, (3) AT + WS + RD + MS, and (4) AT + WS + WA + RD + MS, with AT, WS, WA, RD, and
MS representing adiabatic transport, scattering by both plasmaspheric hiss and EMIC waves, acceleration by
chorus waves, radial diﬀusion and magnetopause shadowing, respectively.
Figure 11 presents the comparison of observed and simulated L-dependent diﬀerential ﬂuxes of electrons
with the local pitch angle 𝛼 = 90∘ at the initial and ﬁnal states. Flux data were collected by RBSP-A during
06:10–09:40 UT for the initial state and by RBSP-B during 11:50–15:20 UT for the ﬁnal state. For the simulations,
the initial and ﬁnal distributions can be easily obtained as j = p2 F(t = 10 ∶ 00 UT) and j = p2 F(t = 14 ∶ 00 UT).
Clearly, the observed initial distributions of electrons at all energy channels are well modeled throughout
the outer radiation belt region. For such a nonstorm time event, the modeled geomagnetic ﬁeld conﬁguration experiences a gentle variation, and consequently, the adiabatic transport (green) only produces weak
(<5 times) loss of electrons even at large L shells. Introduction of radial diﬀusion and magnetopause shadowing (cyan) induces a weaker depletion of electron ﬂuxes. Actually, the “signiﬁcant” magnetopause shadowing
(Lmp < 8) is triggered within a quite limited (∼0.5 h) period during which the modeled radial diﬀusion (Kp < 4)
is too weak to eﬀectively move the trapped electrons out of magnetosphere. In other words, the inward
SU ET AL.
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Figure 13. Same as Figure 12 except that diﬀerent combinations of physical processes are included in the four
simulations.

radial diﬀusion acts in the outer radiation belt 3 < L < 6 most of the time. Hence, in contrast to the ﬁrst
simulation, the second simulation exhibits a weaker, rather than stronger, decay of electron ﬂuxes. Further
incorporation of scattering by plasmaspheric hiss and EMIC waves (blue) causes much stronger loss of electrons at all these energies. The third simulation fairly well reproduces the observed dropout of electron ﬂuxes
at 1.8 and 3.4 MeV but yields some underestimation/overestimation of electron ﬂuxes at 0.231 and 0.593 MeV.
At 0.231 MeV, substorm injection and/or steady magnetospheric convection are required to increase the electron ﬂuxes. At 0.593 MeV, the model-to-data agreement may be improved under the assumption of stronger
wave scattering or radial diﬀusion outside L = 5. Compared to the third simulation, the fourth simulation with
the addition of chorus-driven acceleration (magenta) changes a little. There are probably two reasons for this.
First, the initial electron energy spectrum is relatively hard (for example, the 0.231 MeV and 1.8 MeV electron
ﬂuxes are comparable to each other at L = 5), not conducive to the diﬀusive acceleration by chorus waves.
Second, the momentum diﬀusion rates of chorus (Figure 10) are smaller than the pitch angle diﬀusion rates
of EMIC waves (Figure 8) by several orders of magnitude.
Figure 12 compares the observed and simulated electron equatorial pitch angle distributions at L ≈ 5. At
0.231 MeV, these simulations, lacking substorm injection process, were unable to produce the impulsive
enhancement of electron ﬂuxes nor the “butterﬂy” pitch angle distributions at 13:24:40 UT (red). At the other
energies, the observed pitch angle distributions appeared rounded at 07:37:44 UT (blue) and evolved into the
ﬂat-top distributions at 13:24:40 UT (red). The ﬁrst two simulations produce little change in electron ﬂuxes and
SU ET AL.
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Figure 14. Same as Figure 12 except that EMIC waves with diﬀerent upper frequency limits f2 are included in the four
simulations.

always yield the rounded pitch angle distributions, signiﬁcantly deviating from the observations. In contrast,
the third simulation shows a reasonable agreement to observation not only in the loss extent but also in the
angular distribution pattern. In the fourth simulation, the pitch angle distributions appear to be smoothed
out (compared to those in the third simulation) but are still qualitatively consistent with the observation.
3.5.2. Relative Importance of Plasmaspheric Hiss and EMIC Wave Scattering
Figure 13 exhibits four more simulations with the diﬀerent combinations of physical mechanisms: (1) EWS,
(2) HWS, (3) WS, and (4) AT + WS + WA + RD + MS. Here the scattering by EMIC and plasmaspheric hiss are
abbreviated to EWS and HWS, respectively. EMIC alone (ﬁrst simulation) causes the substantial precipitation
loss of ∼ >500 keV electrons at small pitch angles. Plasmaspheric hiss alone (second simulation) yields little
reduction of approximately MeV electron ﬂuxes within such a short time period (<4 h). Combination of both
waves (third simulation) can explain the decay of electron ﬂuxes over the entire pitch angle range. As shown
in Figures 7 and 8, the pitch angle diﬀusion is predominantly produced by EMIC waves at small pitch angles
but by hiss at large pitch angles. The diﬀusion rates at large pitch angles are much smaller than those near
the loss cone for >500 keV electrons, leading to the formation of ﬂat-top distributions. At higher energies, the
EMIC-driven rapid diﬀusion extends to larger equatorial pitch angles and the corresponding ﬂat top becomes
narrower in pitch angle. Addition of other physical processes (fourth simulation) does not signiﬁcantly change
the pitch angle distributions, implying the dominant role of wave scattering process in this radiation belt
dropout event.
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3.5.3. Sensitivity to Upper Frequency Limit of EMIC Waves
Figure 14 gives simulations with the diﬀerent upper frequency limits of EMIC waves: (1) f2 = 0.98fcHe ,
(2) f2 = 0.96fcHe , (3) f2 = 0.94fcHe , and (4) f2 = 0.92fcHe . In each simulation, all the ﬁve physical processes
(AT + WS + WA + RD + MS) have been included. The rapid decay of relativistic electron ﬂuxes near the loss cone
can be found in all the four simulations. The decrease of f2 leads to the shrinking of resonant pitch angle range
of EMIC waves (Figure 9), and consequently, the ﬂat top extends toward the loss cone. These results suggest
that the upper frequency limit of EMIC spectrum is a key parameter to simulate the evolution of relativistic
electron angular distributions.

4. Conclusion and Discussion
Radiation belt electron ﬂux dropouts have received increasing attention in recent years. In contrast to previous
studies on storm time events [e.g., Bortnik et al., 2006; Su et al., 2011b; Turner et al., 2012], we concentrate on a
rarely reported nonstorm time radiation belt dropout event on 24 September 2013.
There was a signiﬁcant (up to 2 orders of magnitude) depletion of electron ﬂuxes over a wide range of radial
distances (L > 4.5), energies (∼500 keV to several MeV), and equatorial pitch angles (0° ≤ 𝛼e ≤ 180°) within
several hours. The loss rate and extent of energetic electrons for this nonstorm time event were comparable
to those for some marked storm time events [e.g., Bortnik et al., 2006; Su et al., 2011b]. Some statistical studies
[e.g., Reeves et al., 2003; Anderson et al., 2015] have found that both small and large storms are equally eﬀective
in enhancing or depleting the radiation belt electron ﬂuxes. Recent event studies [e.g., Su et al., 2014a; Schiller
et al., 2014] have demonstrated the dramatic enhancement of relativistic electron ﬂuxes driven by whistler
mode chorus waves during nonstorm times. Our present data, together with previous ﬁndings mentioned
above, highlight the importance of monitoring radiation belt electron dynamics even during nonstorm times.
The underlying loss mechanisms for this event are identiﬁed by comparing simulations with observations
in detail. Competition and cooperation of adiabatic transport, magnetopause shadowing, radial diﬀusion,
scattering by plasmaspheric hiss and EMIC waves, and acceleration by chorus waves are found to be able to
basically reproduce the dropout of electron ﬂuxes. Particularly, wave scattering is suggested to play a dominant role for the loss of relativistic electrons in the spatial region L = 4.5–6.0. Modeled EMIC causes the very
rapid scattering near the loss cone, while modeled plasmaspheric hiss only yields the weak scattering at large
pitch angles. Diﬀerences between scattering rates at small and large pitch angels can explain the formation
of ﬂat-top pitch angle distributions of relativistic electrons. To better agree with observations, the EMIC spectrum with a upper frequency limit suﬃciently close to the helium ion gyrofrequency has to be included in the
radiation belt model. Decrease in the upper frequency limit of EMIC waves would reduce the loss rate of near
equatorially trapped electrons and “sharpen” the modeled ﬂat top.
The radiation belt model depends on various wave parameters which have been shown to vary with space
and time (Figures 3–8). In the present simulations, the parameters for plasmaspheric hiss, EMIC, and chorus (see Table 1) are simply assumed to be ﬁxed to calculate the pitch angle, momentum and cross diﬀusion
rates, and the radial diﬀusion rates are obtained from the previous statistical analysis [Ozeke et al., 2014] rather
than calculated from the event-speciﬁc ULF waves. In future works, global wave models retaining the spatial
and temporal dependence should be constructed to accurately simulate this dropout event. EMIC wave for
this event possessed a large amplitude of 1–7 nT (Figure 8), allowing the nonlinear resonance with magnetospheric particles [e.g., Albert and Bortnik, 2009; Zhu et al., 2012; Su et al., 2014b; Wang et al., 2016]. The advection
and diﬀusion coeﬃcients associated with nonlinear process can deviate signiﬁcantly from the quasi-linear
prediction [Su et al., 2012, 2013]. Such nonlinear scattering by large-amplitude EMIC waves may also need to
be taken into account in future radiation belt simulations.
The accurate mapping relation between adiabatic invariants (𝜇 , J, and L∗ ) and observable quantities
(𝛼e , p, and L) in a realistic asymmetric geomagnetic ﬁeld depends on the particle drift phase, which is hard
to be taken into account in a three-dimensional radiation belt diﬀusion model. Most radiation belt models
[e.g., Varotsou et al., 2008; Albert et al., 2009; Shprits et al., 2009; Tu et al., 2014] use a realistic geomagnetic ﬁeld
to organize the satellite data into phase space density as a function of adiabatic invariants, perform the initialization and model-to-data comparison in the adiabatic invariant space, but still have to map the phase
space density to observable space based on a static dipolar magnetic ﬁeld during calculations. In our STEERB
model [Su et al., 2011c], both the initialization and model-to-data comparison are performed in the observable
space based on a geomagnetic ﬁeld containing a static dipolar ﬁeld and a dynamic symmetric ring current
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ﬁeld. Such ﬁeld conﬁguration partially reﬂects the global evolution of geomagnetic ﬁeld but is still unable to
self-consistently introduce drift-shell splitting and magnetopause shadowing into the radiation belt model. In
future, radiation belt kinetic models should be based on the solution of four-dimensional convection-diﬀusion
equations [e.g., Bourdarie et al., 1997; Fok et al., 2008; Su, 2015; Shprits et al., 2015] in a dynamic asymmetric
geomagnetic ﬁeld to better understand/predict the evolution of radiation belt electrons.
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