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Abstract We investigate how whole populations of 2–6 MeV electrons can be quickly lost from the
Earth’s outer radiation belt at L =3–6 through precipitation into the atmosphere due to quasi-linear
pitch angle scattering by combined electromagnetic ion cyclotron (EMIC) and whistler mode waves of
realistic intensities occurring at the same or different local times. We provide analytical estimates of the
corresponding relativistic electron lifetimes, emphasizing that the combined effects of both waves can lead
to very fast (2–10 h) dropouts. Scaling laws for the loss timescales are derived, allowing us to determine the
various plasma and wave parameter domains potentially leading to strong and fast dropouts. The analysis
reveals that the fastest MeV electron dropouts occur at approximately the same rate over some high energy
range and almost independently of EMIC wave amplitudes above a certain threshold. These results should
help to better understand the dynamic variability of the radiation belts.

1. Introduction

Rapid (<10 h) losses of 2–6 MeV satellite-killer electrons occur frequently in the Earth’s outer radiation belt
at L =3–6 [Onsager et al., 2002; Green et al., 2004]. However, the causes of such dropouts are not yet fully
understood due to the large variety of corresponding geomagnetic conditions, although many dropouts take
place at the start of storms or substorms [Turner et al., 2014; Blum et al., 2015a; Gao et al., 2015]. Two different
kinds of loss mechanisms have been proposed: magnetopause shadowing with enhanced outward radial
drift in relation with solar wind pressure pulses or geomagnetic storms [Shprits et al., 2006; Turner et al., 2014;
Hudson et al., 2014], and precipitation into the atmosphere induced by electromagnetic ion cyclotron (EMIC)
waves [Thorne and Kennel, 1971; Lorentzen et al., 2000; Summers and Thorne, 2003; Summers et al., 1998, 2007;
Bortnik et al., 2006; Sandanger et al., 2007, 2009; Turner et al., 2012, 2014; Blum et al., 2015b; Engebretson et al.,
2015]. Intense whistler mode waves lead to much slower losses of 2–6 MeV electrons, over timescales larger
than 1–5 days [Artemyev et al., 2013].

In general, however, quasi-linear diffusion by EMIC waves alone cannot lead to strong (greater than a factor
of 5 decrease) and fast (over a few hours) dropouts of 2–6 MeV electrons up to high pitch angles [Kersten
et al., 2014; Usanova et al., 2014]. This is due to the absence of cyclotron resonance between EMIC waves and
relativistic electrons at equatorial pitch angle 𝛼0 >𝛼0,max(EMIC) where the highest 𝛼0,max(EMIC) is obtained
for hydrogen band EMIC waves [Summers and Thorne, 2003; Kersten et al., 2014]. As discussed by Kersten et al.
[2014], ion compositions consistent with typical spectra of quasi-parallel hydrogen band EMIC waves
should have ∼90–95% protons, ∼5% He+, and less than 5% O+ (in agreement with Time History of Events
and Macroscale Interactions during Substorms (THEMIS) measurements on the duskside, see Lee and
Angelopoulos [2014]). However, O+ concentration can increase up to ∼20% during strong storms [Summers
and Thorne, 2003]. In the remainder of this paper, we restrict our consideration to plasma and hydrogen band
EMIC wave parameters such that 𝜔EMIC∕Ωcp0 > 0.85 − 𝜂p∕2, 𝜂He+ < 0.1, and 𝜂O+ <0.2, with 𝜔EMIC the wave
frequency, Ωcp0 the proton equatorial gyrofrequency, and 𝜂p, 𝜂He+ , and 𝜂O+ the respective concentrations of
proton, He+, and O+ ions. Using such conditions allows simplifying the dispersion relation of nearly parallel
EMIC waves, yielding a maximum resonant pitch angle

cos 𝛼0,max(EMIC) ≈
Ω2

ce0

2𝜔EMICΩpe0
×

√
(1 − 𝜔EMIC∕Ωcp0)(me∕mp)

(1 − Ωcp0(1 − 𝜂p)∕𝜔EMIC)(E2 + E)
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with E in MeV, Ωce0 and Ωpe0 the electron equatorial gyrofrequency and plasma frequency, respectively, me

and mp the electron and proton masses [see Thorne and Kennel, 1971; Summers and Thorne, 2003]. Statistics
of intense hydrogen band EMIC waves show normalized mean frequencies 𝜔m,EMIC∕Ωcp0 ∼0.3–0.7 and a
frequency width Δ𝜔EMIC ∼ 0.06Ωcp0 of the Gaussian spectral distribution [Meredith et al., 2014a]. For usual
parameters at L = 3–6 inside the plasmasphere or in plumes of enhanced density, one gets 𝛼0,max(EMIC)<
60°–70° at E<3–5 MeV [Kersten et al., 2014; Ni et al., 2015b]. The relativistic electron distribution has a typical
shape f (𝛼0) ∼ sin3∕2 𝛼0 [Kersten et al., 2014; Ni et al., 2015a, 2015b] around the start of disturbances associ-
ated with dropouts. The absence of pitch angle diffusion by EMIC waves at 𝛼0>70° therefore prevents the
majority of the electron population from being scattered toward the loss cone—except if the bottleneck in
the bounce-averaged pitch angle diffusion rate D𝛼𝛼(EMIC) at high 𝛼0 can be filled by other kinds of waves.
Consequently, additional waves are needed for fast and strong dropouts of 2–6 MeV electrons.

Two different wave types can be considered for such a task outside the plasmasphere at L=3–6: quasi-parallel
whistler mode chorus (CH) waves and oblique fast magnetosonic (MS) waves. But a comparison of analyti-
cal estimates of their diffusion rates D𝛼𝛼 at 𝛼0 > 50° [Artemyev et al., 2013; Mourenas et al., 2013] shows that
D𝛼𝛼(MS)< D𝛼𝛼(CH) when wave amplitudes Bw satisfy the inequality B2

w(MS)< 50B2
w(CH). Previous magne-

tosonic and chorus wave statistics [Meredith et al., 2012; Ma et al., 2016] show that the latter inequality should
usually be satisfied during disturbed conditions with AE > 300 nT or Kp≥4. Thus, chorus waves should
generally be more efficient at filling the trough left by the EMIC diffusion rate D𝛼𝛼(EMIC) at high 𝛼0 than
magnetosonic waves.

Various recent satellite measurements suggest that EMIC waves could really play an important role in rapid
(approximately few hours) MeV electron dropouts. For instance, Green et al. [2004] showed that dropouts often
start in the dusk sector and could therefore be associated with EMIC wave-induced precipitation. Bortnik et al.
[2006] examined a large dropout at L = 3–5 considerably more pronounced and rapid at E > 1–3 MeV than at
lower energy, thus more consistent with EMIC wave-induced precipitation. Gao et al. [2015] noted that during
dropout periods of strong southward interplanetary magnetic field (IMF) Bz , which provide free energy for
both EMIC and chorus wave growth, the strongest electron precipitation occurs in the dusk sector where EMIC
waves are usually observed. Turner et al. [2014] reported that losses dominated a MeV dropout at L ∼ 4 near
midnight on 30 September 2012 for 𝛼0 <70° when both EMIC and chorus waves were observed. Engebretson
et al. [2015] have further shown that large-scale EMIC wave events (extending over 8 h in universal time and
12 h in magnetic local time) occur outside the plasmasphere even in regions of low plasma density and can
quickly result in 2–6 MeV electron precipitation, possibly up to 𝛼0 ∼ 84° (see electron fluxes from Van Allen
Probe A on 23 February 2013 at 8 h and 17 h universal time). Finally, Xiong et al. [2015] showed that 2–5 MeV
electron dropouts at L = 3–5.5 during the early main phase of storms with enhanced solar wind density
occurred simultaneously with a strong increase of chorus wave intensity in addition to EMIC wave presence.

But the interpretation of dropout observations is often rendered difficult by the absence of wave mea-
surements in all magnetic local time (MLT) sectors, as well as by the unknown effects of plasma and wave
parameters variations on electron lifetimes. In the present paper, we derive analytical estimates of MeV elec-
tron lifetimes in the presence of both EMIC and whistler mode chorus or hiss waves, providing useful scaling
laws as a function of the most relevant parameters. This should help to assess whether a given dropout can
(or cannot) be explained by a conjunction of EMIC and chorus or hiss scattering.

2. Analytical Estimates of MeV Electron Lifetimes in the Presence of Both EMIC
and Whistler Mode Waves

We consider realistic quasi-parallel EMIC and chorus waves observed during disturbed periods, with typical
drift-averaged amplitudes Bw(EMIC) ∼ 300 pT [Meredith et al., 2014a; Blum et al., 2012] and Bw(CH) ∼ 80 pT
[Meredith et al., 2012; Li et al., 2014] when AE > 300 nT. Quasi-linear diffusion theory has been shown to
agree well with test-particle simulations at E ∼ 2–5 MeV for such relatively moderate chorus and EMIC wave
amplitudes [Tao et al., 2012; Su et al., 2012; Omura and Zhao, 2013; Engebretson et al., 2015].

Let us first derive an analytical estimate of the bounce-averaged pitch angle diffusion rate D𝛼𝛼(EMIC, 𝛼0 <

𝛼0,max(EMIC)). We proceed as in previous works on whistler mode waves [Mourenas et al., 2012b]. From now
on, the upper bound on cyclotron resonance 𝛼0,max(EMIC) is calculated with 𝜔EMIC = 𝜔m,EMIC + 1.5Δ𝜔EMIC.
We consider magnetic latitudes 𝜆 < 20° and cos 𝛼0 ∼ 1 not too far from the loss cone. We assume as before
that 0.85 − 𝜂p∕2 < 𝜔EMIC∕Ωcp0 < 0.7 with 𝜂p > 0.8. Combining dispersion relation with cyclotron resonance
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condition yields an approximate relationship G ≃ 1 (similar to (A1) for chorus waves in Mourenas et al. [2012b])
where

G =
Ωcp

𝜔m,EMIC

Ωcp∕𝜔m,EMIC − 1

1 − Ωcp(1 − 𝜂p)∕𝜔m,EMIC

mp

𝛾2me

Ω2
ce

Ω2
pe

with Ωcp, Ωce, and Ωpe the local proton cyclotron, electron cyclotron, and electron plasma frequencies. We
make the further approximation that G1∕4 varies with latitude roughly like Ωce (with a plasma density vary-
ing weakly with latitude, see Denton et al. [2006]) and assume a nearly dipolar geomagnetic field such that

B(𝜆)∕B0 =
√

1 + 3 sin2 𝜆∕ cos6 𝜆, where B0 =B(𝜆 = 0). It gives a latitude of resonance 𝜆R ≈
√

2
√

1 − G1∕4
0 ∕3

while the full latitudinal half width of resonance Δ𝜆R ≈(
√

2∕9)(Δ𝜔EMIC∕𝜔m,EMIC)G
1∕4
0 ∕

√
1 − G1∕4

0 to first order
as long as G0 =G(𝜆 = 0) < 1. Using equation (18) from Summers and Thorne [2003] and expressions (18)–(21)
from Su et al. [2012], one finds that the integrand of the bounce integral of the diffusion rate is weakly depen-
dent on 𝜆. Thus, we approximate this bounce integral by its integrand taken at 𝜆 ∼ 0∘ multiplied by the
integration width 2Δ𝜆R, giving finally

D𝛼𝛼

(
EMIC, 𝛼0 < 𝛼0,max(EMIC)

)
=

B2
w(EMIC)

B2
0
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Various comparisons with full numerical results from Kersten et al. [2014] and Ni et al. [2015b] in the range
L = 4–6 have been performed. They show that the approximate formula (1) for the bounce-averaged
D𝛼𝛼(EMIC, 𝛼0) yields correct values (within a factor of∼1.5–2) in the lower pitch angle range principally impor-
tant for electron lifetime estimates [Albert and Shprits, 2009; Artemyev et al., 2013] and correct variations as a
function of Bw(EMIC), E, Ωpe0, and Ωce0. Equation (1) is the main analytical result of this study.

Let us consider 2–6 MeV electrons and values (Ωpe0∕Ωce0)CH ∼ 2–4 corresponding to the strongest chorus-
induced pitch angle diffusion, and𝜔m,CH > 0.04Ωce0 —including low-frequency chorus [Meredith et al., 2014b]
more effective for scattering MeV electrons (see scaling laws in Mourenas et al. [2012b] and Artemyev et al.
[2013]). A comparison of equation (1) for G0 < 1 with equations (4) and (5) from Artemyev et al. [2013] shows
that D𝛼𝛼(EMIC)>D𝛼𝛼(CH) at 𝛼0 < 𝛼0,max(EMIC) when B2

w(EMIC)> B2
w(CH)∕10. The latter inequality should usu-

ally be satisfied when both EMIC and chorus waves are present on the same L shell, at similar or different MLT
[Meredith et al., 2012, 2014a]. Consequently, the total bounce and drift-averaged diffusion rate in this domain
can be taken as D𝛼𝛼(total, 𝛼0 < 𝛼0,max(EMIC)) ∼ D𝛼𝛼(EMIC). If hiss waves instead of chorus are present with
EMIC waves, the same conclusion still holds because hiss amplitudes [Spasojevic et al., 2015] are smaller than
chorus amplitudes at the same L = 3–6 and the increase of diffusion due to the lower hiss frequency is
compensated by the larger value of (Ωpe0∕Ωce0)HISS ∼5–15 [Artemyev et al., 2013].

At equatorial pitch angles higher than 𝛼0,max(EMIC), however, only whistler mode chorus (or hiss) waves can
scatter 2–6 MeV electrons through cyclotron (also Landau) resonance (see Figure 1). Thus, the total bounce
and drift-averaged diffusion rate in this domain is D𝛼𝛼(total, 𝛼0 >𝛼0,max(EMIC)) = D𝛼𝛼(CH, 𝛼0 >𝛼0,max(EMIC)).
Note that for a typical electron pitch angle distribution f (𝛼0) ∼ sin3∕2 𝛼0, strong chorus-induced scattering of
most of the particle population toward the loss cone requires that the corresponding maximum pitch angle
for cyclotron resonance 𝛼0,max(CH)> 83°, where

cos 𝛼0,max(CH) ≈
0.5Ωce0

(E2 + E)(𝜔m,CH + Δ𝜔CH)

(
Ωce0

Ωpe0

)
CH

with E in MeV [Mourenas et al., 2012b]. The same requirement holds for hiss waves. Between 𝛼0,max(EMIC)> 45°
and 𝛼0,max(CH), the bounce-averaged whistler mode diffusion rate can be written approximately as [Artemyev
et al., 2013]:

D𝛼𝛼

(
CH,𝛼0 >𝛼0,max(EMIC)

)
≃

B2
w(CH)Ω5∕2

ce0

B2
0𝜔

1∕2
m,CHΩpe0

tan−1 Δ𝜃CH

2
√

3𝛾2
(2)
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Figure 1. (a) Bounce and drift-averaged pitch angle diffusion rate D𝛼𝛼 of electrons in the presence of both parallel EMIC
and quasi-parallel chorus waves. Numerical results from the Full Diffusion Code (dashed lines) and analytical estimates
(1) and (2) (solid lines) are displayed as a function of 𝛼0 for (Ωpe0∕Ωce0)EMIC = 15, (Ωpe0∕Ωce0)CH = 4, L = 4, E = 4 MeV,
𝜔m,EMIC∕Ωcp0 =0.4, Δ𝜔EMIC∕Ωcp0 = 0.06, 𝜔m,CH∕Ωce0 =0.2, Δ𝜔CH∕Ωce0 =0.1, Bw(EMIC)=300 pT, Bw(CH) = 80 pT,
Δ𝜃CH =30°, 𝜂p =0.9. In simulations, waves are assumed present up to 𝜆 = 20°–25°, minority ion composition is
𝜂He+ = 𝜂O+ = 0.05, upper and lower frequency cutoffs for EMIC waves are 𝜔m,EMIC ± 2Δ𝜔EMIC, and n = −10 to +10
harmonics are used to calculate chorus diffusion rates. (b) Electron lifetimes from simulations (circles) and from analytical
estimate (3) (solid line) as a function of electron energy E when G0 < 1 for the same parameters as in Figure 1a.

where intense whistler mode waves have a typical wave-normal angle width Δ𝜃CH ≈ 30°–45° about a mean
𝜃CH ≈ 0°. The diffusion rate estimate (2) has been checked to remain within a factor of ∼1.5–2 of the full
numerical solution at 𝛼0 > 45° over a wide parameter range [Artemyev et al., 2013].

When 𝛼0,max(CH)> 83°, the lifetime 𝜏L of most MeV electrons can be estimated (within a factor of ∼2) analyt-
ically [Albert and Shprits, 2009; Artemyev et al., 2013] via an integration of (4 tan 𝛼0D𝛼𝛼(total, 𝛼0))−1 over 𝛼0 by
parts, between the loss cone angle 𝛼LC and 𝛼0,max(EMIC) and between 𝛼0,max(EMIC) and 𝛼0,max(CH):

𝜏L ≃
ln
(

sin 𝛼0,max(EMIC)∕ sin 𝛼LC

)
4D𝛼𝛼

(
EMIC,𝛼LC

) +
ln
(

sin 𝛼0,max(CH)∕ sin 𝛼0,max(EMIC)
)

4D𝛼𝛼

(
CH,𝛼0 >𝛼0,max(EMIC)

) (3)

It is worth noting that EMIC and chorus waves may occur at different MLT on the same L shell [e.g., see Bortnik
et al., 2006]. EMIC waves can occur inside plasmaspheric plumes in the dusk sector [Blum et al., 2015b; Meredith
et al., 2014a] where (Ωpe0∕Ωce0)EMIC > 10 while (Ωpe0∕Ωce0)CH < 5 for chorus waves mainly present on the
dawnside at L∼3–6 [Meredith et al., 2012]. The total electron pitch angle diffusion rate from equations (1)
and (2), as well as electron lifetimes from equation (3), is displayed in Figure 1 in one typical case at L = 4
with EMIC and chorus waves in different MLT sectors, showing a good overall agreement with numerical sim-
ulations performed with University of California, Los Angeles (UCLA)’s Full Diffusion Code [e.g., Ni et al., 2008;
Ma et al., 2016]. In simulations, diffusion coefficients are calculated using quasi-linear theory, and the elec-
tron phase space density (PSD) evolution is simulated by solving the 2-D Fokker-Planck equation. Lifetime
estimates remain within a factor of ∼1.5–2 from the actual lifetimes over the whole range E ∼ 3.3–9.5 MeV.
A larger discrepancy is found near 3 MeV, close to the threshold G0 < 1 corresponding to strong EMIC wave
scattering, because (2) overestimates chorus-induced diffusion at𝛼0 <45° [Artemyev et al., 2013]. Various other
comparisons with numerical lifetimes from Ni et al. [2015b] for E=5–10 MeV electrons interacting with parallel
EMIC waves at L=3–7 have shown a similarly good agreement.

Several approximations made above define the domain of validity of estimates (1)–(3). We considered
only first-order cyclotron resonance with parallel EMIC waves: the corresponding diffusion rate (1) should
remain valid for moderately oblique (<30°) waves when E<10 MeV [Ni et al., 2015b]. We assumed G0<1
and 𝛼0,max(EMIC) ≥ 45° to use (2) in its domain of validity. It requires Δ𝜔EMIC∕𝜔m,EMIC ≥ 0.1 and
(Ωpe0∕Ωce0)EMICE(MeV)> 23(1 − 𝜔m,EMIC∕Ωcp0)1∕2Ωcp0∕𝜔m,EMIC (at lower E, D𝛼𝛼(CH) is overestimated and
𝜏L underestimated). Finally, we assumed a latitude of resonance with EMIC waves 𝜆R < 20° (corresponding to
G0 > 0.025) to neglect latitudinal variations in the bounce integral. It corresponds to (Ωpe0∕Ωce0)EMICE(MeV)
<150(1 − 𝜔m,EMIC∕Ωcp0)1∕2Ωcp0∕𝜔m,EMIC (at higher E > 10–15 MeV typically, estimates (1) and (3) become
less accurate).
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Pitch angle, energy, and mixed energy-pitch angle electron diffusion are taken into account in the simulations,
with a realistic initial energy distribution [Li et al., 2014]. Numerical lifetimes of E≥3 MeV electrons in Figure 1b
are calculated as in equation (8) from Ni et al. [2015b] (in the phase of exponential decay of the full PSD) around
a simulation time t = 1 h, remaining nearly constant up to ∼5–10 h. However, chorus-induced electron
energization may compete with such losses. An analytical estimate of the corresponding bounce-averaged
energy diffusion rate DEE was provided by Mourenas et al. [2012a]. For G0 < 1 (i.e., at sufficiently high energy)
and for a sufficiently high ratio Bw(EMIC)∕Bw(CH) such that the second (CH) term dominates in (3) as
here at 3–7 MeV, one finds 𝜏LDEE ∼ cos2 𝛼0,max(EMIC)(Ωce0∕Ωpe0)2

CH(𝜔m,CH∕5Ωce0) < 0.005 independently of
Bw(CH). Thus, fast losses should prevail initially at E ≥ 3 MeV over a slower energization. The timescale of
chorus-induced acceleration is really energy dependent—acceleration of lower energy (several hundred keV)
electrons occurs earlier, while the acceleration of multi-MeV electrons occurs only after the increase of lower
energy electron PSD. In the simulated cases in Figure 1, multi-MeV electrons start to be accelerated after∼8 h.
Before that, they are mainly rapidly scattered into the loss cone by EMIC and chorus waves.

Several important characteristics of MeV electron dropouts produced by combined EMIC and chorus wave
scattering can be directly deduced from equation (3). Let us consider an electron that can interact resonantly
with chorus waves at high 𝛼0 (i.e., 𝛼0 < 𝛼0,max(CH)) and EMIC waves at low 𝛼0 (i.e., G0<1). It corresponds
to sufficiently high values of E, (Ωpe0∕Ωce0)EMIC, and (Ωpe0∕Ωce0)CH. Then, the logarithmic expression at the
numerator of the first (EMIC) term in equation (3) is almost constant (∼2–3) while the logarithmic expression
in the second (CH) term is roughly equal to cos2 𝛼0,max(EMIC)∕2. For fixed values of the normalized wave
frequencies, the first (EMIC) term in equation (3) varies roughly like ∼(Ωpe0∕Ωce0)

3∕2
EMICE5∕2∕B2

w(EMIC) while the
second (CH) term varies approximately like (Ωpe0∕Ωce0)CH∕[B2

w(CH)(Ωpe0∕Ωce0)2
EMIC].

In many realistic situations corresponding to sufficiently large EMIC on chorus wave intensity ratio and
large but not too high values of E and (Ωpe0∕Ωce0)EMIC, the second (CH) term in equation (3) will dominate
and determine the lifetime. Without EMIC waves, however, chorus-induced loss timescales are larger than
1∕D𝛼𝛼(CH, 𝛼0=𝛼0,max(CH)) and longer than 1–5 days [Mourenas et al., 2012b; Artemyev et al., 2013]. The key
effect of additional EMIC waves is to restrict the integration of (4 tan 𝛼0D𝛼𝛼(CH, 𝛼0))−1 over 𝛼0 in the expres-
sion of 𝜏L to the domain 𝛼0 >𝛼0,max(EMIC). It is roughly equivalent to a large increase of the effective loss
cone angle, which becomes ∼ 𝛼0,max(EMIC) ≫ 𝛼LC and reduces the numerator of the CH term in equation (3)
to a very small factor cos2 𝛼0,max(EMIC)∕2 ≪ 1. This is how fast dropouts of MeV electrons can occur due
to combined scattering by chorus and EMIC waves. The increase of the effective loss cone angle is consis-
tent with observations and simulations of EMIC wave scattering [e.g., Usanova et al., 2014]. Electron loss at
𝛼0 < 𝛼0,max(EMIC) is much faster than scattering at higher pitch angles, forming a sharp phase space den-
sity gradient around 𝛼0,max(EMIC) in electron pitch angle distributions. This also explains the independence
of dropout timescale on Bw(EMIC). When Bw(EMIC) is large enough to form a sharp pitch angle distribution
gradient around 𝛼0,max(EMIC), the phase space density at smaller pitch angles is low and the efficiency of
electron diffusion across 𝛼0,max(EMIC) is solely determined by chorus waves at higher pitch angles. Hydrogen
band EMIC waves leading to sensibly larger values of 𝛼0,max(EMIC) than typical lower frequency waves in the
helium band for similar plasma conditions [Kersten et al., 2014], they should often be more efficient at produc-
ing fast and strong dropouts at moderately high energies 2–6 MeV, provided that Bw(EMIC)∕Bw(CH) remains
large enough.

A remarkable consequence for sufficiently high ratio Bw(EMIC)∕Bw(CH) is the scaling

𝜏L ∼ (Ωce0∕Ωpe0)2
EMIC(Ωpe0∕Ωce0)CH∕B2

w(CH)

Such fast dropouts should occur over some limited energy range just above the threshold for cyclotron
resonance with EMIC waves, and the corresponding dropout timescale should be roughly independent of
electron energy E (see Figure 1b), contrary to the usual steep scaling 𝜏L ∼ E5∕2 when EMIC or chorus waves
are present alone [Mourenas et al., 2012b; Artemyev et al., 2013]. The dropout timescale of high pitch angle
electrons should be also independent of B2

w(EMIC). The two preceding points are really crucial for the interpre-
tation of MeV electron dropout observations. Dropouts occurring at the same rate over a limited, high-energy
range can be indicative of the above mechanism. The upper bound of this energy range is determined by the
requirement that the second (CH) term dominates in equation (3) and the lower bound by the requirements
G0 < 1 and 𝛼0,max(CH)> 83°, 𝛼0. One can estimate from the above analytical formulas the EMIC and chorus
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Figure 2. Multi-MeV electron lifetimes from equation (3) for interactions with both EMIC and chorus waves. Unless
stated otherwise, we consider 4 MeV electrons at L=4, 𝜔m,EMIC∕Ωcp0 =0.4, Δ𝜔EMIC∕Ωcp0 =0.06, 𝜔m,CH∕Ωce0 =0.2,
Δ𝜔CH∕Ωce0 =0.1, Bw(EMIC)=300 pT, Bw(CH)=80 pT, Δ𝜃CH =30°, and 𝜂p =0.9. (a) Lifetimes as a function of
(Ωpe0∕Ωce0)EMIC and (Ωpe0∕Ωce0)CH. (b) Lifetimes as a function of (Ωpe0∕Ωce0)EMIC and 𝜔m,EMIC∕Ωcp0 for
(Ωpe0∕Ωce0)CH =4. (c) Electron lifetimes as a function of Bw(EMIC) and E for (Ωpe0∕Ωce0)EMIC =15 and (Ωpe0∕Ωce0)CH =4.
(d) Electron lifetimes as a function of Bw(CH) and E for (Ωpe0∕Ωce0)EMIC = 15, (Ωpe0∕Ωce0)CH =4. (e) Lifetimes as a
function of Bw(CH) and L=3 − 7 for (Ωpe0∕Ωce0)EMIC =15 and (Ωpe0∕Ωce0)CH =L as in the trough density model of
Sheeley et al. [2001]. (f ) Lifetimes as a function of Bw(EMIC) and E for 𝜔m,EMIC∕Ωcp0 = 0.64 and (Ωpe0∕Ωce0)EMIC
=(Ωpe0∕Ωce0)CH = 6.5. Only parameter domains such that G0 < 1 and 𝛼0,max(CH)> 83° are plotted.
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Figure 3. Multi-MeV electron lifetimes from equation (3) for interactions with both EMIC and hiss waves. Unless stated
otherwise, we consider 4 MeV electrons at L=4, 𝜔m,EMIC∕Ωcp0 =0.4, Δ𝜔EMIC∕Ωcp0 =0.06, 𝜔m,HISS∕Ωce0 =0.025,
Δ𝜔HISS∕Ωce0 =0.01, Bw(EMIC)=300 pT, Bw(HISS)=50 pT, Δ𝜃HISS =30°, and 𝜂p =0.9. (a) Lifetimes as a function of
Ωpe0∕Ωce0 = (Ωpe0∕Ωce0)EMIC = (Ωpe0∕Ωce0)HISS and 𝜔m,EMIC∕Ωcp0. (b) Lifetimes as a function of Bw(HISS) and
𝜔m,HISS∕Ωce0 for Δ𝜔HISS∕𝜔m,HISS = 0.5 and Ωpe0∕Ωce0 = 15. (c) Lifetimes as a function of Bw(EMIC) and E for
Ωpe0∕Ωce0 = 15. (d) Lifetimes as a function of Bw(HISS) and L = 3–6 for Ωpe0∕Ωce0 = 5.7L0.585 as in the plasmaspheric
density model from Sheeley et al. [2001].

wave intensities needed for a given constant rate dropout over the observed energy range and compare them
with measured wave intensities, or with statistical levels at similar AE or Kp. The likelihood that the consid-
ered dropout was produced by combined EMIC and chorus scattering depends on the agreement between
estimated and measured wave powers.

3. Parametric Study of Dropout Timescales

Multi-MeV electron lifetimes 𝜏L from equation (3) due to pitch angle diffusion induced by combined EMIC and
chorus waves are displayed in Figure 2 as functions of various wave and plasma parameters. A striking result
is the decrease of electron dropout timescales down to 2–8 h over a wide and realistic domain of parameters.

The minimum lifetimes are independent of B2
w(EMIC) above some threshold for fixed B2

w(CH) and also inde-
pendent of electron energy E over some high energy range located above the threshold energy for cyclotron
resonance with EMIC waves (see Figures 2c and 2f), in agreement with the scaling discussed in the previ-
ous section. Lifetimes are generally smaller for (Ωpe0∕Ωce0)EMIC > 10>(Ωpe0∕Ωce0)CH, corresponding to EMIC
waves in duskside plumes of enhanced density and chorus waves in the dawnside trough. Nevertheless, short
lifetimes can also be obtained for (Ωpe0∕Ωce0)EMIC =(Ωpe0∕Ωce0)CH = 6.5 (Figure 2f ).

Note that the two terms in equation (3) vary like 1∕B2
w . Thus, electron lifetimes corresponding to EMIC and

chorus wave intensities reduced by a same factor of 𝜒 > 1 as compared with intensities used in Figure 2
(but keeping B2

w(EMIC)∕B2
w(CH) fixed) can be estimated by multiplying 𝜏L in Figure 2 by 𝜒 . We have further

checked that varying 𝜂p between ∼0.8 and 1 does not strongly modify lifetimes.

Lifetimes of MeV electrons calculated from equation (3) in the presence of combined EMIC and hiss scattering
are displayed in Figure 3 as functions of various parameters. Dropout timescales are generally larger (∼4–10 h)
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than with chorus waves, because hiss waves have lower intensity than chorus waves and Ωpe0∕Ωce0 is larger
for hiss at L> 3 (inside the plasmasphere) than for chorus. Nevertheless, loss timescales can decrease down to
4–6 h over a realistic range of parameters. Recently, Yu et al. [2015] have reported a dropout of 2 MeV electron
flux that took place at L∼5–6 over a similar timescale ∼10 h simultaneously with EMIC and hiss observations.
We have also considered low-frequency (∼60 Hz) hiss waves, as recorded by the Van Allen Probes during the
30 September 2012 dropout [Li et al., 2013]. In this case, multi-MeV electron lifetimes may get reduced to∼3 h
due to the much smaller hiss frequency and the approximate scaling 𝜏L ∼(𝜔m,HISS∕Ωce0)1∕2 (see equations (2)
and (3) and Figure 3b).

4. Conclusions

This study provides analytical estimates of the characteristic timescales of multi-MeV electron dropouts pro-
duced by combined pitch angle scattering by intense EMIC and whistler mode chorus or hiss waves at L=3–6.
It is shown that very fast loss timescales of 2–10 h can be obtained when intense (80 pT) chorus waves coexist
on the same L shell with intense (300 pT) EMIC waves occurring in high-density regions (near the edge of the
plasmasphere or in plasmaspheric plumes) in the same or different MLT sectors. Thus, the proposed mecha-
nism of combined EMIC and whistler mode waves scattering could explain some rapid dropouts of relativistic
electrons in the outer radiation belt nearly up to 𝛼0 ∼ 90∘, while EMIC or chorus waves alone cannot produce
such fast and strong dropouts. Since the final push into the loss cone is then provided by EMIC waves, these
dropouts should be accompanied by intense electron precipitation in the MLT region where EMIC waves are
most present, in the dusk sector [Bortnik et al., 2006; Wang et al., 2014; Blum et al., 2015b].

The derived scaling laws of electron lifetimes as functions of the various plasma and wave parameters can be
useful for comparisons with satellite measurements of fast and strong electron dropouts in the Earth’s outer
radiation belt. One striking feature of the studied mechanism is that fast timescales of relativistic electron loss
are approximately independent of both the EMIC wave intensity (above some threshold) and the electron
energy (in some elevated energy range). These results can help to assess which mechanism plays a dominant
role in different dropout events.
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