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Introduction

Text S1.

The following information is provided in support of the main manuscript and gives ad-

ditional detail regarding the diffusion coefficient calculations.

Radio waves from ground-based, high-powered very-low frequency (VLF) transmitters

can escape out of the Earth-ionosphere waveguide and into near-Earth space where they

propagate in the whistler mode. These waves are known to interact with and scatter
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electrons out of the radiation belts and into the Earth’s upper atmosphere (Inan et al.,

1984; Koons et al., 1981). Thus, they must be included in our considerations and we

incorporate them following Ma, Mourenas, Li, Artemyev, and Thorne (2017). Ma et al.

(2017) carried out these calculations from L = 1− 3 in 0.1L-width bins for three Kp bins

(0-2, 2-4, and >4) over the frequency range 10-30 kHz. The wave amplitudes used in

this study have been averaged over all MLT. The assumed wave normal angle spectrum

for the ducted waves, which are assumed to only be present at L > 1.7, is quasi-field

aligned, while the unducted waves are assumed to be oblique with wave normal angles

∼60◦-70◦. As in Ma et al. (2017), the wave frequency spectrum is fit with a Gaussian to

capture the wave power from the most intense ground transmitter at frequency of 20 kHz.

Electromagnetic ion cyclotron (EMIC) waves can resonantly interact with electrons at

radiation belt energies, primarily resulting in pitch angle scattering. For our calculations,

the assumed wave frequency and amplitude spectra are taken from Zhang et al. (2016)

and both proton (H) and Helium (He) band waves are incorporated. We note that the

quiet, moderate, and disturbed AL* bins used by Zhang et al. (2016) to organize the

wave activity have been recast into three Kp bins (0-1, 2-3, and 4+, respectively). The

wave normal angle spectrum is obtained from Ni et al. (2015) (their “latitudinally varying

model”) where the waves are quasi-field aligned at the magnetic equator and increase

in obliquity towards higher latitudes (where wave normal angles ∼45◦). Incorporating

EMIC waves also requires an additional assumption on the ion composition and we as-

sume a 70/20/10% proton/Helium/Oxygen plasma, a conventional assumption used in
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many prior works (e.g., Meredith et al., 2003). We note that the plasma composition in

individual events can be somewhat different from this partitioning, which we have ex-

plored but find that using different ratios only affects the overall lifetimes by a factor ∼2

(see below).

In general, EMIC-wave scattering of radiation belt electrons is difficult to include in

quasilinear modeling calculations like those presented here, due to their sporadic, bursty

nature and the fact that their statistical distribution and wave properties are not well-

parameterized. For example, significant EMIC wave scattering at low Kp may be some-

what unrealistic and assuming that they act over multi-day time intervals may affect our

results (though we do note that we account for the EMIC wave occurrence rates, as re-

ported by Zhang et al. (2016)). Moreover, the EMIC wave minimum resonant energy is

sensitive to both the assumed ion composition and the cold plasma approximation with the

assumption that the wave power is close to the upper helium (or hydrogen) band. Under

the assumptions used in the present study, the minimum resonant energy is below 1 MeV

and may lead to artificially lower theoretical lifetimes at higher L for energies between

500 keV and ∼2 MeV (below 500 keV, hiss scattering dominates over EMIC at higher

L). With regard to the ion composition, we have performed a test calculation to explore

the sensitivity of the lifetimes on the assumed composition ratios. In this calculation,

we assumed a 90/5/5% proton/Helium/Oxygen plasma, which is more typical of some

observational event studies (e.g., Lee & Angelopoulos, 2014; Kersten et al., 2014; Blum

et al., 2019; Qin et al., 2019). We find lower lifetimes at higher energies and L, but only
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by a factor of ∼2. In summary, in spite of the challenges associated with incorporating

EMIC waves into quasilinear scattering calculations, it is clear from the results presented

that EMIC waves must be included in order to bring the theoretical calculations more in

line with the observations.

Coulomb scattering arises when radiation belt electrons are absorbed by the Earth’s

upper atmosphere due to Coulomb collisions. This is an important scattering mechanism,

particularly close to the Earth in the inner zone, but also for electrons at high-altitudes

with low-alitude mirror points. We follow the methodology of Abel and Thorne (1998) to

incorporate Coulomb scattering into our calculations, obtaining the atmospheric neutral

species (N2, O2, Ar, He, O, H, N) from the MSIS90 empirical model (Hedin, 1991) and

the charged species (e−, NO+, O+, O+
2 , H+, He+, N+) from the IRI2016 model (Bilitza et

al., 2017).
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