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Abstract Signals from very low frequency (VLF) transmitters can leak from the Earth-ionosphere
wave guide into the inner magnetosphere, where they propagate in the whistler mode and contribute to
electron dynamics in the inner radiation belt and slot region. Observations show that the waves from each
VLF transmitter are highly localized, peaking on the nightside in the vicinity of the transmitter. In this
study we use ∼5 years of Van Allen Probes observations to construct global statistical models of the
bounce-averaged pitch angle diffusion coefficients for each individual VLF transmitter, as a function of L*,
magnetic local time (MLT), and geographic longitude. We construct a 1-D pitch angle diffusion model with
implicit longitude and MLT dependence to show that VLF transmitter waves weakly scatter electrons into
the drift loss cone. We find that global averages of the wave power, determined by averaging the wave
power over MLT and longitude, capture the long-term dynamics of the loss process, despite the highly
localized nature of the waves in space. We use our new model to assess the role of VLF transmitter waves,
hiss waves, and Coulomb collisions on electron loss in the inner radiation belt and slot region. At moderate
relativistic energies, E ∼500 keV, waves from VLF transmitters reduce electron lifetimes by an order of
magnitude or more, down to the order of 200 days near the outer edge of the inner radiation belt. However,
VLF transmitter waves are ineffective at removing multi–megaelectron volt electrons from either the inner
radiation belt or slot region.

1. Introduction
The life cycle of the inner electron radiation belt comprises of rapid enhancements or injections followed by
long periods of decay (Rosen & Sanders, 1971). Flux enhancements for lower-energy electrons, E ≲500 keV,
generally occur a few times per year but for higher energies they are considerably less frequent (Claudepierre
et al., 2017; Li et al., 2015; Looper et al., 2005). Enhancements may be by nondiffusive radial transport by
increased large-scale magnetospheric electric fields (Selesnick et al., 2016; Su et al., 2016) or possibly by local
wave-particle interactions (Albert et al., 2016). At very low L, atmospheric collisions are extremely effective
at scattering electrons (Walt & MacDonald, 1964). The effect of atmospheric collisions rapidly decreases
with increasing L (Walt & Farley, 1976), and wave-particle interactions become increasingly important. In
particular, it was shown by Abel and Thorne (1998) that the combined effect of Coulomb collisions and
resonant interactions with plasmaspheric hiss, lightning-generated whistlers, and anthropogenic very low
frequency (VLF) transmissions, could explain the steady state, general features of the inner zone and slot
region. They also showed that the modeled lifetimes were in approximate agreement with those determined
from observed electron decay rates of electrons produced by the high-altitude nuclear detonation, Starfish.

Electron lifetimes in the slot region are strongly affected by resonant interactions with plasmaspheric hiss
and, to a lesser extent, lightning-generated whistlers (Meredith et al., 2019). At lower L, their scattering
efficiency decreases, at which point VLF transmitter waves become increasingly influential on electron pop-
ulations (Abel & Thorne, 1998; Ripoll et al., 2014). Indeed, the effects of VLF transmitter waves can be
directly found in DEMETER/IDP (Instrument for Particle Detection) observations of enhancements in the
drift loss cone electron flux, commonly referred to as “wisps” (Gamble et al., 2008).

VLF transmitter waves used for communications with submarines have unique discrete characteristics.
The transmissions are of very narrow band width 100 Hz, (Cohen et al., 2010) in the frequency range
18.3–26.7 kHz and near constant in time, other than during maintenance. A fraction of the waves leak
from the Earth-ionosphere waveguide, mainly on the nightside (Helliwell, 1965; Tao et al., 2010), into the
near-Earth environment, where they propagate as whistler mode plasma waves. Therefore, the signal is
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geographically localized around the transmitters with a magnetic local time (MLT) dependence. In terms of
L shell, they are situated at the foot of magnetic field lines in the range L = 1.2–3.3. Particularly prominent
transmitters, by emitted power, include NWC in Exmouth, Australia (1MW), and NAA in Cutler, Maine,
USA (1MW) (Clilverd et al., 2008).

Various levels of approximations have been used to calculate electron diffusion coefficients from VLF trans-
mitter waves. Abel and Thorne (1998) used two representative frequencies to model the transmitters. In
their study amplitudes were calculated using the VLF transmitter model of Inan et al. (1984). Later stud-
ies by Agapitov et al. (2014) and Ma et al. (2017) used Akebono and Van Allen Probes data, respectively, to
further explore the effects of VLF transmitters. These diffusion coefficient calculations involved combining
the transmitters together by MLT and longitudinally averaging. Agapitov et al. (2014) assumed a broad fre-
quency spectrum centered at 15 kHz with a width of 7.5 kHz to encompass all of the VLF transmitters. On the
other hand, Ma et al. (2017) fitted Gaussian distributions at L = 1.5, 2.0, and 2.5 to wave spectral power over
the whole VLF transmitter frequency range. Additionally, the variation of wave parameters along magnetic
field lines is rarely considered in these studies. In a more comprehensive approach, Selesnick et al. (2013)
constructed geographically and MLT-dependent diffusion coefficients, in the narrow band limit with varia-
tion along the magnetic field lines considered, representing electron scattering by NWC to reproduce a wisp
observation in DEMETER/IDP electron intensity (Gamble et al., 2008; Sauvaud et al., 2008). Globally aver-
aged archetypical transmitters have generally been assumed with broad bandwidth (≳1 kHz) to encompass
multiple transmitters. To the knowledge of the authors, there are no previous studies where geographically
and MLT varying diffusion coefficients are calculated for the other transmitters. This will be the aim of this
paper.

Recently, Meredith et al. (2019) studied the geographic and MLT dependence of the wave power from the 14
most powerful VLF transmitters using Van Allen Probes data. The results allow us to explore the effects of
each individual VLF transmitter on the electrons in the inner belt and slot region and enable us to investigate
the effects of their narrow band width, spatial structure, and MLT dependence. In particular, we address the
validity of global averaging and investigate whether MLT and longitude considerations are required for these
highly localized waves. The individual transmitters are then combined and their total effect determined.

In this study we assess the contribution of VLF transmitters to electron loss in the inner radiation belt
and slot region using global models of VLF transmitter waves derived from Van Allen Probes observations
(Meredith et al., 2019). We first describe how we calculate the appropriate quasi-linear diffusion coefficients
from the wave data in section 2. In section 3 we then introduce a 1-D pitch angle diffusion model with
implicit longitude and MLT dependence, which incorporates the new coefficients. In section 4, we use obser-
vations of wisps to assess the success of the model and explore the filling of the drift loss cone. In section
5 we investigate whether global averaging of the VLF transmitter wave power is appropriate for modeling
trapped electron decay. In section 6 we use our new model of the VLF transmitter wave power to deter-
mine the effects of Coulomb collisions, plasmaspheric hiss, and VLF transmitters on electron lifetimes in
the inner belt and slot region. Finally, we discuss our results and present our conclusions in sections 7 and 8,
respectively.

2. Diffusion Coefficients
2.1. Data and Assumptions
The quasi-linear diffusion coefficients for wave-particle interactions between electrons and VLF transmit-
ter waves are determined using the PADIE code (Glauert & Horne, 2005). The PADIE code calculates
bounce-averaged diffusion coefficients in equatorial pitch angle, energy, and cross terms, for either electrons
or protons interacting with any cold plasma wave mode and for a specified set of wave and plasma properties.
To construct global diffusion coefficient maps, we require knowledge of the geomagnetic field, ion compo-
sition, plasma density, wave normal angle, and wave magnetic field intensity (or electric field intensity) as
functions of L, MLT, longitude, and distance along magnetic field lines. For the resonance calculations we
include n = −15… ,+15 to capture contributions from higher-order resonances. This resonance range is
larger than that considered by Selesnick et al. (2013), who found that only the n = {−1, 0, 1} resonances
contribute significantly. Higher-order resonances become more important at the higher energies considered
here and so cannot be neglected.
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Figure 1. Schematic diagram depicting the Earth-transmitter-satellite system. The blue dot represents the satellite, and
its magnetic field line connection to the Earth is shown by the blue dashed line. The red triangle depicts the
transmitter, and the longitude range that it illuminates is indicated by the red dashed lines. The black dashed line
represents constant L, approximately equal to the drift path of an electron, and the green dotted the satellite trajectory.

The VLF waves from a given transmitter are assumed to have a Gaussian frequency distribution of magnetic
field power spectral density, centered at the VLF transmitter frequency (see Table 1 of Meredith et al., 2019)
with a bandwidth of 100 Hz (as defined in Glauert & Horne, 2005). The lower and upper bounds on the wave
spectrum are assumed to be ±500 Hz from the VLF transmitter frequency. The magnetic field intensities are
calculated from electric field wave intensities (see section 2.2), which are determined from Van Allen Probes
A satellite observations (Meredith et al., 2019). The near-equatorial wave measurements are mapped, using
the Olson-Pfitzer tilt-dependent static model and the International Geomagnetic Reference Field, to their
corresponding field line foot points and binned into 0.1 increments in L*, 24 one-hour MLT segments and
120 longitude bins. If data are missing from any bin, then linear interpolation in longitude is used. For each
transmitter, we select the corresponding frequency channel(s) of EMFISIS and isolate the power from the
transmitter by omitting wave power that is further than 20◦ longitude from the transmitter by setting these
values to 0. In some cases wave power from a VLF transmitter is detected in two frequency channels, in which
case the above procedure is performed to both channels and then the wave power is summed. In Figure 1
we show a schematic diagram illustrating the system. We therefore have an equatorial electric field wave
map, Ew,Eq(L*,MLT, 𝜃), for each individual transmitter, where 𝜃 is the longitude. Due to close geographic
proximity and frequency, and hence over lapping wave power, we combine the VLF transmitters ICV and
FTA2 into ICV+FTA2, and GVT and HWU, which occasionally operates at a frequency near that of GVT
(Meredith et al., 2019), into GVT+HWU and assume a mean frequency for these combined transmitters. For
the diffusion coefficient calculations and subsequent electron diffusion modeling we assume a dipole field
and hence replace L* with L.

During active conditions, chorus waves can be found at L* as low as 3; therefore, measurements when AE >

300 nT are excluded to minimize contamination of VLF transmitter wave power (Meredith et al., 2019).
In fact, observations suggest that VLF transmitter power is independent of geomagnetic activity (Meredith
et al., 2019; Cohen et al., 2010) and so we average the data over AE < 300 nT.

The plasma frequency, fpe, measured by EMFISIS High Frequency Receiver (HFR) (Meredith et al., 2019)
agrees well with the statistical model by Ozhogin et al. (2012) for L > 2.2 but deviates to lower values from
an extrapolation of the Ozhogin et al. (2012) model (calculated on the range L = 1.6 − 4.0) at lower L. This
departure is due to sampling on EMFISIS HFR where the highest receiver frequency is 486.97 kHz and mea-
surements of fpe above this are not possible (Meredith et al., 2019). To allow us to include latitudinal variation,
we adopt the Ozhogin et al. (2012) density model for our calculations. At the low L shells considered here,
there is minimal MLT and longitudinal variation in fpe and so we assume the average value henceforth. As
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noted by Agapitov et al. (2014), the Ozhogin et al. (2012) density model agrees with the optimized density
model found by Selesnick et al. (2013) to within 10% for 1.5 < L < 2.0.

Wave normal angles of VLF transmitter waves are poorly constrained due to lack of measurements of all wave
components that are needed to calculate ellipticity and hence the wave normal angle. In the first instance,
are the waves ducted or nonducted? Clilverd et al. (2008) suggested that a “significant portion” of wave power
at L < 1.5 is nonducted, while at higher L shells a considerable contribution is from interhemispherically
ducted waves. Studies have suggested that ducting occurs above L = 1.7 (Clilverd et al., 2008; Gamble et al.,
2008), while at L > 2 large reduction in wave power above the half gyrofrequency suggests VLF transmitter
waves are largely ducted (Ma et al., 2017). A possible explanation for this was found by Clilverd and Horne
(1996) who showed, using ray tracing, that higher ducting enhancement factors are need at low L shells to
keep transmitter signals ducted. With this in mind, we follow Ma et al. (2017) and assume that all waves
are nonducted at L < 1.7, 25% of electric field intensity is nonducted for 1.7 ≤ L < 2.5 and all waves are
ducted at L ≥ 2.5. The assumption that all VLF transmitter waves are ducted at L > 2.5 is highly simplified.
In reality the picture is much more complicated; in fact, there will be a mixture of ducted and nonducted
waves. Whistler mode waves can only be trapped by density enhancements at frequencies below the half
gyrofrequency, while in density depletions trapping is possible up to the gyrofrequency range (Karpman &
Kaufman, 1982). The half gyrofrequency cutoff will come into effect for all of the transmitters considered
here between L = 2.5 and L = 3.0. Consider VLF waves from a given transmitter propagating along a field
line and guided by a density enhancement. If along their trajectory the frequency exceeds the local half
gyrofrequency, then the waves will no longer be fully contained and the waves may leak from the ducts. The
ratio between ducted and nonducted waves will then be a function of latitude as well as L. Here we have not
attempted to quantify this due to the amount of uncertainty in any calculation. Our assumption of all VLF
transmitter waves being ducted at L ≥ 2.5 over estimates the effect of VLF transmitter waves on the electron
population but, as we will show in sections 6 by relaxing this assumption, this choice has little effect on our
results. At each L, we then have ducted and nonducted equatorial electric field intensities, EDt

w,Eq and ENt
w,Eq,

respectively, for each transmitter, t.

For ducted wave propagation, we assume a Gaussian distribution in tan(𝜓), where 𝜓 is the wave normal
angle, centered at 𝜓0 = 0◦ with width 𝜓w = 10◦. For nonducted waves we follow the approach of Selesnick
et al. (2013), taking 𝜓0 = 30◦ at an altitude of 200 km at the magnetic foot point in the hemisphere of the
transmitter and assume that the wave normal angle rotates linearly with distance along the magnetic field
line until it reaches 𝜓0 = 90◦ at the other foot point. Again, 𝜓w = 10◦ is used for the width where appro-
priate. This prescription is in rough agreement with ray tracing simulations (Kulkarni et al., 2008; Starks
et al., 2008).

2.2. Diffusion Coefficient Calculations
The calculation of quasi-linear bounce-averaged diffusion coefficients for electron interaction with VLF
transmitter waves requires wave magnetic field intensities along the magnetic field line. In order to obtain
this dependence, the following calculation is done individually for each transmitter. The equatorial Van
Allen Probes electric field measurements for each transmitter, t, are split into ducted and nonducted
components, Eit

w,Eq, as stated above (ducted and nonducted indicated by superscript i). The ducted and
nonducted equatorial wave magnetic fields, Bit

w,Eq, and Poynting fluxes, Sit
w,Eq, are then calculated using

equations (A1)–(A7) following Albert (2012). We assume conservation of Poynting flux, for ducted and
nonducted waves individually, along flux tubes in order to obtain nonequatorial values:

Sit
w = Sit

w,Eq
B

BEq
. (1)

where B and BEq are the local and equatorial magnetic field intensities, respectively. The local wave magnetic
field strength is then obtained using equation (A7).

The bounce-averaged diffusion coefficients that we calculate have five dimensions: equatorial pitch angle
(𝛼), electron energy (E), L, MLT, and 𝜃. Storing and using a five-dimensional matrix is impractical from a
computational perspective, so, to simplify, we note that the bounce-averaged diffusion coefficient from a
transmitter, assuming axisymmetry other than in wave power, can be written as

Dt
𝛼𝛼
(𝛼,E,L,MLT, 𝜃) =

∑
i∈{ducted, nonducted}

D̄it
𝛼𝛼
(𝛼,E,L)(Bit

w,Eq(L,MLT, 𝜃))2 (2)
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Figure 2. NWC normalized diffusion coefficients for nonducted (a–c) and ducted very low frequency transmitter
waves (d–f).

where we define the normalized bounce-averaged diffusion coefficient, D̄it
𝛼𝛼

, to be

D̄it
𝛼𝛼

= 1
(Bit

w,Eq)2

∑
xi∈X

D̂it
𝛼𝛼
(xi)(Bit

w(xi))2. (3)

X is the set of distinct field line segments, X = {x1, x2, … , xn}, each with a length equivalent to 5◦ latitude,
such that when the segments are laid end to end, they cover the whole field line between its two foot points at
200 km, with no overlap. D̂it

𝛼𝛼
(xi) is the bounce-averaged diffusion coefficient assuming a unity wave ampli-

tude over the segment xi and zero else where. The calculation of D̂it
𝛼𝛼
(xi), using PADIE (Glauert & Horne,

2005), assumes that there is minimal change in density within a segment; these values are evaluated at the
center of the segment. The density is allowed to vary between segments, retaining the latitudinal depen-
dence. The (Bit

w(xi))2 factor accounts for the variation in wave power along the magnetic field. Note that D̄it
𝛼𝛼

has no longitude and MLT dependence as Bit
w∕Bit

w,Eq and D̂it
𝛼𝛼

are independent of MLT and longitude in an
axisymmetric system.

Dt
𝛼𝛼

is then calculated, in equation (2), by scaling D̄it
𝛼𝛼

by the local equatorial magnetic field intensity cor-
responding to that transmitter and summing over ducted and nonducted wave types. Note that Dt

𝛼𝛼
is now

a function of L, MLT and longitude. Finally, we can sum over all the transmitters to obtain combined VLF
transmitter diffusion coefficients

DT
𝛼𝛼
(𝛼,E,L,MLT, 𝜃) =

∑
t∈T

Dt
𝛼𝛼
(𝛼,E,L,MLT, 𝜃). (4)

For comparison we calculate MLT and longitude averaged diffusion coefficients for each individual trans-
mitter,

⟨
Dt
𝛼𝛼

⟩
MLT,𝜃 and sum over all transmitters to obtain ⟨D𝛼𝛼⟩T

MLT,𝜃 =
∑

t∈T
⟨

Dt
𝛼𝛼

⟩
MLT,𝜃 , the total MLT
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Figure 3. Cross section of equatorial magnetic field intensity from NWC at L = 1.5 showing longitudinal and magnetic
local time (MLT) dependence. Note the reduced longitude range.

and longitudinally averaged diffusion coefficients. Henceforth, for brevity, we refer to MLT and longitude
averaging as global averaging.

2.3. Normalized Diffusion Coefficients
To understand the general features of the diffusion coefficients, we first consider the form of the diffusion
coefficients for unit wave power in the equatorial region, D̄it

𝛼𝛼
. In Figure 2 we plot D̄i

𝛼𝛼
resulting from a unit

power (pT2) transmitter emitting at 19.8 kHz situated in Southern Hemisphere for three choices of L for
nonducted (a)–(c) and ducted waves (d)–(f). At any given L, we identify, by limiting the resonance range, that
the band of diffusion, between 60◦ and 90◦ equatorial pitch angle is from Landau resonance interactions.
The remaining bands of diffusion are a result of cyclotron resonances; these extend down to 𝛼 = 0◦ for a
range of energies. The minimum energy of the cyclotron resonance decreases with increasing L due to the
decreasing cyclotron frequency (Ma et al., 2017; Mourenas et al., 2012). It is worth noting that below this
minimum energy, without any additional diffusion mechanism, there is a band of electrons that will not be
scattered into the loss cone by VLF transmitter waves, nor will they be diffused from high to low equatorial
pitch angles.

The ducted and nonducted diffusion coefficients are generally similar; however, there are subtle differences.
The nonducted waves give stronger diffusion from Landau resonances than ducted waves as Landau reso-
nances are not permitted for wave that are strictly parallel propagating. These stronger interactions allow

Figure 4. Magnetic local time and longitudinally averaged equatorial magnetic field intensities for very low frequency
(a) ducted and (b) nonducted waves from the transmitters considered. The vertical dashed lines indicate the L shells
where the ducted to nonducted ratio changes. Below L = 1.7 all waves are ducted, for 1.7 ≤ L < 2.5 the electric field
intensity is split 75%/25% in favor of ducted waves, and for L ≥ 2.5 the waves are all ducted.
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Figure 5. Magnetic local time (MLT) and longitudinally averaged diffusion coefficients for all transmitters,⟨D𝛼𝛼∕p2⟩T
MLT,𝜃 (a–c). For comparison hiss diffusion coefficients are shown at 0 ≤ Kp < 1 (d–f).

faster scattering of high equatorial pitch angle electrons. At low L, L ∼ 1.5–2, nonducted waves have more
extensive resonance coverages of (𝛼,E) phase space, especially at E ≳1 MeV. Additionally, the minimum
energy of the cyclotron resonance is lower for the ducted case allowing diffusion of lower-energy elec-
trons into the loss cone. At the lowest energies considered, ∼10 keV, nonducted waves, unlike their ducted
counterparts, are able to scatter electrons that are close to the loss cone.

2.4. Spatial and MLT Dependence
The normalized diffusion coefficients, shown in the previous section, are scaled by the equatorial magnetic
field intensity, (Bi

w,Eq(L,MLT, 𝜃))2, to obtain our global, L, MLT, and 𝜃 dependent, diffusion coefficient map
for each transmitter. (Bi

w,Eq(L,MLT, 𝜃))2, determined from Van Allen Probes observations, has important
structure that we illustrate here.

In Figure 3 we show the MLT and longitudinal variation of VLF transmitter wave power from NWC at
L = 1.5. Intensities are strongest on the nightside and localized around the transmitter's longitude. For
this particular slice, the intensity reaches ∼300 pT2 in comparison to an average value of ∼2 pT2. In fact,
for all transmitters, the bulk of VLF transmitter wave power is when the VLF transmitter is located on the
nightside and in the vicinity of the transmitter. We therefore expect their effect on electrons to be restricted
correspondingly.

VLF transmitter waves in the Earth-ionosphere wave guide can propagate away from the transmitter before
leaking through the ionosphere into the inner magnetosphere. Therefore, wave power from a single trans-
mitter is spread over a region around the source, which corresponds to a range of L values. The L dependence
of the MLT and longitudinally averaged equatorial magnetic field intensities of the transmitters are shown
in Figure 4. The majority of VLF transmitter wave power in the inner electron belt at L < 1.7 is from NWC,
with smaller contributions from NPM, JJI, and unid25. At larger L, L > 1.7, the majority of the wave power
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is from DHO38, NAA, and GVT+HWU. From this we infer that NWC will have the strongest effect on
the electron population at L < 1.7, with DHO38, NAA, and GVT+HWU dominating the VLF transmitter
contribution at larger L.

2.5. Averaged Diffusion Coefficients
The MLT- and longitude-dependent diffusion coefficients that have been constructed in the previous two
sections ensure that the variation in VLF transmitter wave power can be effectively represented in modeling
the radiation belts. In particular, the power maxima, and hence diffusion coefficient maxima, on the night-
side over the transmitters are captured. However, the bulk of global radiation belt models do not take these
variations into account and simply average over MLT and longitude. To test this assumption, we construct
globally averaged diffusion coefficients ⟨D𝛼𝛼⟩T

MLT,𝜃 . Also, these diffusion coefficients can be compared to the
diffusion coefficients of Ma et al. (2017), who combined the narrow band width transmitters (100 Hz) into
a two broad band signals (full widths of 1 kHz at L = 1.5 and 1.8 kHz at L = 2 and 2.5) and averaged over
MLT and longitude. Additionally, unlike Ma et al. (2017), we retain the latitudinal dependence along field
lines of density, wave intensity, and wave normal angle.

In Figure 5 we show the globally averaged diffusion coefficient, summed over the individual transmitters,⟨D𝛼𝛼⟩T
MLT,𝜃 . We showed in Figure 4 that NWC has the strongest wave power at L = 1.5 of approximately

2 pT2. The frequency of the modeled transmitter in Figure 2 corresponds to NWC; therefore, Figure 5a closely
resembles Figure 2a given that we are assuming all waves are nonducted at this location. At L = 2, there
are more contributors to the total power: DH038, NAA, and GVT+HWU participate through ducted and
nonducted waves. This leads to combined diffusion coefficients that have broader and smoother coverage in
𝛼, E than the individual transmitters. At larger L, at L = 2.5 where we assume all waves are ducted, there are
five major contributors to electron scattering: DHO38, NAA, GVT+HWU, NLK, and NML. Figure 5c closely
resembles Figure 2f indicating that the diffusion coefficients are relatively insensitive to frequency over the
transmitter frequency range, 18.3–25.2 kHz. The pitch angle diffusion coefficients shown in Figures 5a–5c
agree approximately with those calculated by Ma et al. (2017, Figure 3, top panel), both in magnitude and
shape. For instance, at L = 2.5, E ∼200 keV and 𝛼 ∼ 85◦, both sets of diffusion coefficients calculations
obtain D𝛼𝛼 ≈ 10−6(s−1).

Of course, VLF transmitter waves do not act alone in electron pitch angle scattering. Hiss waves are also
present and are particularly effective at electron diffusion in the slot region, Figures 5d–5f. Here and hence-
forth, we assume hiss covers the frequency range 0.1–5 kHz and includes magnetospherically reflected
lightning-generated whistlers a frequencies above 2 kHz (Meredith et al., 2006). However, as with VLF trans-
mitter waves, hiss wave-driven electron pitch angle diffusion has a minimum between the Landau resonance
and the cyclotron resonances at around ∼75◦. If hiss were acting alone, then this would hinder electron
diffusion from high pitch angles, leading to top hat equatorial pitch angled distributions and longer decay
times. There is an offset in 𝛼 between the VLF transmitter diffusion minimum and that of hiss, and so com-
bining partially fills the hiss diffusion minimum, speeding up diffusion. Hiss waves are of lower frequency
than VLF transmitter waves and so the minimum energy of cyclotron resonances for hiss is greater than for
VLF transmitter waves. For instance, at L = 1.5, hiss waves do not diffuse E ≲1 MeV electrons at 𝛼 < 50◦

and so are unable to scatter these electrons into the loss cone. In comparison, VLF transmitter waves are
able to do so for energies down to 300 keV: It is VLF transmitter waves' electron scattering at low L, low E,
and low 𝛼 that leads to observable flux enhancements in the drift loss cone; see section 4.

In addition to the pitch angle diffusion coefficients shown here, we also calculate the corresponding energy
and cross-term diffusion coefficients. These are typically an order of magnitude lower in amplitude in
comparison to the pitch angle term and hence are of secondary importance.

3. One-Dimensional Pitch Angle Diffusion Model
Selesnick (2012) and Selesnick et al. (2013) constructed a set of stochastic differential equations with MLT
and longitude variation to model the inner belt. Here we take a simpler approach and reduce the system
to a 1-D pitch angle diffusion equation with MLT and longitude changes included implicitly through the
time dimension. Our aim is to examine the time scales for loss in the inner belt, especially focusing on the
significance of VLF transmitter waves and the effect of their inhomogeneous power in the radiation belts.
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Figure 6. Drift loss cone electron flux near 250◦ (west of the South Atlantic Anomaly) with only NWC very low
frequency transmitter waves, hiss waves, and Coulomb collisions included in the 1-D pitch angle model. Each cell is a
separate model run.

In this paradigm we “follow” a band of electrons around the Earth and keep track of the MLT of the trans-
mitters. For this we neglect the variation in drift rate around the Earth with pitch angle and instead we
adopt a representative rate corresponding to a equatorial pitch angle near the loss cone (30◦). The electrons
experience pitch angle scattering from VLF transmitter waves and hiss waves, Coulomb collisions, and atmo-
spheric losses based on their longitude. The pitch angle scattering by the VLF transmitter waves is localized
around transmitters and is dependent on the MLT of the transmitter, which as Figure 3 shows, varies consid-
erably based on whether the transmitter is on the nightside or not. The bounce-averaged Coulomb scattering
diffusion coefficients are calculated following Abel and Thorne (1998). The neutral densities are taken from
the model NRLMSISE-00 (Picone et al., 2002) and the plasma densities from the GCPM (Gallagher & Craven,
2000). The calculation is performed assuming fixed longitude (0◦), universal time (UT, 12:00), date (21 June
1995), Ap (7, roughly corresponding to Kp = 2), and F10.7 (150). To replicate longitudinal variation, these
diffusion coefficients are then shifted in equatorial pitch angle by the difference between the local loss cone
pitch angle and the loss cone pitch angle at the location at which the diffusion coefficients were initially
calculated. Ideally, the Coulomb scattering diffusion coefficients would be calculated over the range of lon-
gitude and UT but this is beyond the scope of this work. Meredith et al. (2018) is used for the hiss diffusion
coefficients, where chorus waves are excluded by use of an activity-dependent plasmapause model (Horne
et al., 2013).

The distribution function, f , at each pitch angle can be evolved by solving

𝜕𝑓

𝜕t
= 1

T sin 2𝛼

(
𝜕

𝜕𝛼

[
D𝛼𝛼(t)T sin 2𝛼 𝜕𝑓

𝜕𝛼

])
− 𝑓

𝜏L(𝜃(t))
(5)

(Albert & Shprits, 2009; Lyons et al., 1972), where D𝛼𝛼 is the sum of hiss wave-particle interactions, Coulomb
scattering, and transmitter wave-particle interactions, DT

𝛼𝛼
. In addition to the longitude of the electrons, the

MLT sector of the transmitters are recorded. DT
𝛼𝛼

is then chosen corresponding to the MLT of the transmitters
and the longitude of the electrons. For example, the VLF wave power from NWC, and hence the diffusion
coefficient, experienced by electrons drifting over the transmitter that is in a given MLT sector, will follow a
horizontal line across Figure 3. For the drift velocity, vd, we use the approximation formula from Spjeldvik
and Rothwell (1985):

vd = 2𝜋
L𝛾(v∕c)2(1 + 0.42 sin 𝛼)

1.43Kt
(6)

where Kt = 1.0308×104 s. For comparison, we also use the MLT and longitude averaged version, ⟨D𝛼𝛼⟩T
MLT,𝜃 ,

as defined in section 2.1. For the work presented in this paper, we assume quiet time conditions (0 ≤ Kp < 1)
for our hiss diffusion matrix to represent undisturbed decay of the inner regions, calculated using Meredith
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Figure 7. (a) Total diffusion coefficient from Coulomb collision, hiss, and NWC very low frequency transmitter waves
as a function of time at L = 1.75 for a 200-keV electron. (b) The pitch angle distribution near the loss cone is shown
during the same period in (b). (c) The longitude of the electron population and the magnetic local time (MLT) sector of
the transmitter.

et al. (2018). T(𝛼) approximates the mirror latitude dependence of the bounce period. The loss rate is given
by

𝜏L =
{

0.25𝜏b, for 𝛼 < 𝛼LC(𝜃(t))
∞, otherwise

where 𝜏b is the bounce period. The equation is solved using an implicit time stepping method. Zero-gradient
(𝜕f∕𝜕𝛼 = 0) boundary conditions are used at 𝛼 = 0◦ and 90◦ assuming that collisions deep inside the loss
cone are sufficiently high to make the distribution isotropic.

In this model, radial diffusion, energy diffusion, cross terms, and azimuthal variation in drift rate are
neglected, but each of these factors is generally less important than pitch angle scattering in the inner
regions. Radial diffusion is over long times during quiet periods at low L (Brautigam & Albert, 2000). Rapid
radial transport does occur during injection events in geomagnetically disturbed times, but here we are inter-
ested in the decay of existing particles. For the values of fpe∕fce found at 1.2 < L < 3, energy diffusion is
usually much smaller than for pitch angle diffusion (Lyons et al., 1972). The drift period depends weakly
on pitch angle with a factor

√
2 change over the 90◦ range; therefore, this assumption will have minimal

effect. The simplicity and reduced nature of our setup allows for clear illustration and evaluation of the
effects of VLF transmitters on electron pitch angle distributions. These results can then be used as an aid
for interpreting more physical, complex models as well as assessing the validity of assumptions upon which
they rely.

4. Model Validation
Wisps are enhancements in drift loss cone electron fluxes with an energy and L dependence and are observed
by IDP on DEMETER at an altitude of 800 km (Gamble et al., 2008; Sauvaud et al., 2008). The enhancements
are found at 1.6 ≲ L ≲ 2 and 100 ≲ E ≲375 keV. Longitudinally, they are observed eastward of NWC
(114◦E) but westward of the South Atlantic Anomaly (SAA, at ∼300◦E). They are a result of wave-particle
interactions with VLF transmitter waves from NWC, scattering electrons into the drift loss cone, before they
are lost to the atmosphere on the western side of the SAA. These observations provide an opportunity for us
to asses our VLF transmitter electron diffusion model. Additionally, we can examine how strongly electrons
are scattered into the drift loss cone. More precisely, is the wave power sufficient for “strong diffusion” to
occur over NWC when it is on the nightside? Under strong diffusion, electrons are scattered across the loss
cone in less than a quarter-bounce period, leading to an isotropic loss cone flux (Kennel, 1969). In this case,
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Figure 8. Instances of electron distribution at (a and b) L = 1.5 and (c and d) L = 2.0 for E = 300 and E = 900 keV. The
blue curve is from the magnetic local time (MLT) and longitudinally averaged model and the red dashed are from the
full prescription. For the two L shells, L = 1.5 and 2.0, NWC and DHO38 are the only transmitters included,
respectively. Initial condition is shown by the black curve.

the rate of particle precipitation is independent of the magnitude of the diffusion coefficient (Summers &
Thorne, 2003).

4.1. Method
In order to investigate whether our model is able to produce drift loss cone flux enhancements, we inves-
tigate the combined effects of the transmitter NWC along with hiss waves and Coulomb scattering. Exact
replication of individual wisps is outside the scope of this work; for instance, appropriate initial condi-
tions (equatorial pitch angle distributions, spectra, and L dependence) must be determined, as well as an
event specific density profile. Instead, we take a statistical approach and take average values as our initial
conditions. We assume an initial pitch angle distribution of 𝑓 = 𝑓0(E,L)sin3(𝛼). The equatorially mirror-
ing electron flux is calculated from the empirical electron model environment AE-8 (Vette, 1991), f0(E,L),
and the exponent is chosen considering Shi et al. (2016) who performed a survey on electron pitch angle
distributions using Van Allen Probes MagEIS measurements.

After running the simulations for 1 day, we calculate the average electron flux over the next day in the
longitude range 240–260◦E, for nightside and dayside NWC separately. The results are shown in Figure 6.
When NWC is on the nightside, enhanced electron fluxes are observed between 1.6 ≲ L ≲ 2 and 100 ≲

E ≲350 keV. The energy at which the flux enhancement occurs decreases with increasing L. The shape
and magnitude of the model wisp are broadly consistent with the IDP observations (Gamble et al., 2008).
However, the width of the computed wisp is slightly greater than what is typically observed. This difference
maybe due to our initial condition or may indicate that our diffusion coefficients are over estimating the
diffusion above the minimum energy of cyclotron resonance. It is worth pointing out that the equatorial
wave power from NWC (Figure 4) peaks at a lower L shell, L ∼ 1.5, than the minimum energy of the wisp.
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This is because the diffusion rate corresponding to the n = −1 cyclotron resonance decreases as L decreases,
as shown in Figure 2. The results are substantially different when NWC is on the dayside, and we find only
very low amplitude flux enhancement due to the low transmitter wave intensity.

In the slot region at L ≳ 2.4, lightning-generated whistlers and plasmaspheric hiss are effective at pitch angle
scattering electrons at energies as low as a few tens of kiloelectron volts (Figure 9 and Meredith et al., 2007).
Consequently, electrons are diffused rapidly into the drift loss cone over a broad energy range, independent
of VLF transmitter operation (Gamble et al., 2008). Therefore, above L ∼ 2.4 it is difficult to observe the
effects of any transmitter on drift loss cone electron flux.

4.2. Drift Loss Cone Filling
We can use our model to study the process of flux enhancement and address the question of strong diffusion
in the loss cone. In Figure 7 we show the time evolution of E = 200 keV electrons at L = 1.75 in our 1-D
model. Electrons drifting around the Earth experience pitch angle scattering that is modulated periodically
on two time scales: the drift time scale and the Earth's rotation period. The variation in the resulting diffusion
coefficients are shown in Figure 7a. The large-amplitude diffusion coefficients near the loss cone, varying
periodically on the drift period, are from Coulomb collisions. Superimposed onto this cyclic behavior are the
scattering enhancements by VLF transmitter waves from NWC when the electrons are on field lines with
footpoints near to NWC (114◦E). In turn, these intervals of intense scattering are affected by the MLT of the
transmitter and strongest on the nightside, Figure 7c. The resulting pitch angle distributions close to the
loss cone are shown in Figure 7b. When the electrons pass over NWC while on the nightside, electrons are
scattered into the drift loss cone by the enhanced VLF transmitter wave power. However, even directly over
NWC, electron scattering into the drift loss cone is weak and is unable to fill the bounce loss cone; hence, the
VLF transmitter waves are insufficiently intense to lead to strong diffusion. The electrons then drift eastward
until they encounter the SAA (∼300◦E) where those inside the drift loss cone are lost to the atmosphere.

5. Validity of Globally Averaging
In global radiation belt models, the whole electron distribution is important and small variations in flux near
the loss cone need not be captured, unless they have an impact on the larger population. As we have shown,
the scattering from VLF transmitter waves is highly geographically localized and largely restricted to when
the source transmitter is on the nightside. This inhomogeneity then opens the question of whether MLT
and longitude averaging, and summing over the transmitters, is appropriate for global radiation belt models
or whether a full prescription is necessary. In particular, is the decay of the electron distribution affected
by global averaging? To answer this question, we consider one transmitter in isolation at two representative
L. For L = 1.5 and 2.0 we take NWC and DHO38, respectively, given that they are among the strongest
contributors at these locations. The same initial condition is taken as in section 4. Both globally averaged,
and MLT and longitudinally dependent coefficients are adopted and compared. In the globally average case,
we also adopt a constant bounce loss cone equal to the drift loss cone, to remove all MLT and longitude
dependence.

The results of our comparison runs are shown in Figure 8. In all four situations shown, and also all other
tested configurations, there is good agreement between the two models. At L = 1.5, for both the 300 and
900keV electrons shown in Figures 8a and 8b, despite significant losses close to the loss cone the decay of
large pitch angle electrons after 100 days is minimal, indicating very long decay time scales. During the
drift period of the electrons and the rotation period of the Earth, that is, the time scales upon which the
VLF transmitter wave power changes as experienced by the electrons, the pitch angle distribution does not
change significantly, and hence, the diffusion of pitch angle distribution is well represented by the average
diffusion coefficients. At L = 2.0, Figures 8c and 8d, the decay time scales are shorter but still the globally
averaged model suffices and captures the profiles well. These results are general for all VLF transmitters
and are not limited to the cases shown here. The validity of averaging is a result of pitch angle diffusion
acting on a longer time scale than the electron drift period. The results would likely differ if more rapid local
scattering occurred and the bounce loss cone was substantially filled locally.

6. Electron Lifetimes
As we have seen in the section 4, wave-particle interactions and Coulomb collisions scatter electrons into
the loss cone. In this situation, diffusion coefficients close to the loss cone largely determine the electron
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Figure 9. (a–f) Electron decay time scales from the 1-D model with magnetic local time and longitude averaging. The
lines correspond to: black - Coulomb collisions; green - hiss and Coulomb collisions; blue - very low frequency
transmitters and Coulomb collisions; red - very low frequency transmitters, hiss, and Coulomb collisions.

fluxes and losses, with orders of magnitude variations occurring on drift time scales. However, electrons
at low pitch angles only comprise a small proportion of the total population. The behavior of high pitch
angle electrons can, in some circumstances, be largely detached from the short time scale changes at low
pitch angles (Albert, 2008). An extreme example would be when there is zero diffusion at some intermediate
pitch angle but rapid diffusion close to the loss cone: Electrons at higher pitch angles would then remain
indefinitely while those at low pitch angles would decay. Physically, such an extreme case will not occur
but deep diffusion minima do exist, such as for 𝛼 ∼ 75◦, E = 1 MeV electrons at L = 2.0 scattered by hiss
waves; see Figure 5e. Therefore, to determine representative electron lifetimes, it is necessary to consider
the changes to the whole electron distribution.

In the previous section we showed that electron diffusion models using globally averaged VLF transmitter
diffusion coefficients agree well with models including MLT and longitude variation. With this in mind, we
proceed using the globally averaged model and adopt ⟨D𝛼𝛼⟩T

MLT,𝜃 from now on. Solutions to 1-D pitch angle
diffusion equations with time constant diffusion coefficients and no source terms typically reach a steadily

ROSS ET AL. 13



Journal of Geophysical Research: Space Physics 10.1029/2019JA026716

Figure 10. Electron decay time scales from the 1-D model with magnetic local time and longitude averaging. The lines
correspond to: red solid - transmitters, hiss, and Coulomb collisions; black dashed line - nonducted transmitters, hiss,
and Coulomb collisions; green dashed line - ducted transmitters, hiss, and Coulomb collisions.

decaying pitch angle distribution where the shape is preserved but the flux decays (Spjeldvik & Thorne,
1975). Such time scales give an indication of the time periods upon which the whole population decays
subject to only pitch angle scattering. We define the electron lifetime, 𝜏 to be f(t) = f

′
(𝛼)exp(−(t − t′ )∕𝜏)

where is f
′

is the distribution at an arbitrary time, t′ , once the profile has reached its steady shape. In order to
determine which processes are important, lifetimes are calculated with selected combinations of Coulomb
collisions, hiss waves, and VLF transmitters. The resulting electron lifetimes are plotted in Figure 9.

At low energy, E ∼ 40 keV, Figure 9a, Coulomb collisions completely determine electron lifetimes at L ≲ 1.9.
Between 1.9 ≲ L ≲ 2.8, VLF transmitter waves contribute significantly to electron scattering and are able to
reduce 40 keV electron lifetimes to as low as 30 days at L = 2.3. Only at L ≳ 2.8 does hiss become important.
The order in which the different contributors to pitch angle scattering dominate the lifetimes consistently
follows this trend for E ≲800 keV, while the L shells where the transitions between the dominant contri-
butions occur changes. In particular, the range in L for which VLF transmitter waves are important shifts
to lower values as energy is increased. For instance, at 500 keV (Figure 9d), Coulomb collisions dominate
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the lifetimes at L ≲ 1.5, while VLF transmitter waves strongly impact lifetimes in the range 1.6 ≲ L ≲ 2.2,
beyond which point hiss waves largely determine electron lifetimes, reducing lifetimes down to ∼10 days
at L = 2.5. Importantly, for ∼500 keV electrons, including the contribution from VLF transmitters reduces
their lifetimes by over an order of magnitude between 1.7 ≲ L ≲ 1.9. At higher energies, the contributions
from transmitters become weaker. At E = 800 keV, (Figure 9e), VLF transmitter waves reduce lifetimes by
typically less than an order of magnitude, with 𝜏 ∼ 103 days at 1.4 ≲ L ≲ 1.8. At L ≳ 1.9, hiss waves over
take the contributions from VLF transmitter waves and reduce lifetimes to below 100 days by L ∼ 2.2. In
fact, hiss waves determine the electron lifetimes for E ≳ 800 keV electrons outside of L ∼ 1.8.

Electrons with energies above 500 keV at L shells below L = 1.6 consistently have exceptionally long life-
times with 𝜏 ≳ 103 days, even with VLF transmitter waves included. Such time scales are less than those
reported by Ma et al. (2017), who omitted Coulomb collisions, but considerably longer than Abel and Thorne
(1998) by up to an order of magnitude at ∼800 keV due to our lower VLF wave power. Our results suggest
that VLF transmitters are ineffective at removing multi–megaelectron volt electrons from the inner belt and
slot region during quiet time conditions except on very long time scales.

Given the uncertainty around the proportion of ducted and nonducted VLF transmitter wave power, we
consider the two extreme cases: fully nonducted and fully ducted. In Figure 10 we plot electron lifetimes
assuming that all of the waves are ducted (green dashed) and nonducted (black dashed). For E ≲ 800 keV,
nonducted waves are less effective at electron scattering than ducted waves. For E = 40 keV, time scales for
nonducted waves can be over an order of magnitude longer at L = 2.5. However, in general, the difference is
considerably less: 𝜏 is between 1 and 4 times longer for nonducted waves than ducted. At 2 MeV, transmitters
are ineffective at pitch angle scattering for both the ducted and nonducted cases and their associated electron
lifetimes are comparable. In the majority of situations, 𝜏 in our central (ducted and nonducted) case lies
between the two extreme cases but can on occasion be marginally shorter.

7. Discussion
VLF transmitter signals are localized in space and maximize when the transmitter is on the nightside. This
raises the question of whether longitude and MLT need to be taken into account for Fokker-Planck-based
diffusion models or whether averaging over these dimensions is justified. We find that 1-D pitch angle diffu-
sion models with implicit longitudinal and MLT variation are well represented by MLT and longitudinally
averaged models: Electron lifetimes are sufficiently long compared to the variation time scale of VLF wave
power experienced by electrons as they drift around the Earth. These results confirm that averaging in MLT
and longitude is appropriate for VLF transmitter wave considerations outside of the loss cone in global 3-D
electron radiation belt models (pitch angle, energy, and L shell).

VLF transmitter waves can be effective at reducing electron lifetimes although the L shell and energy depen-
dence is complex. Electron lifetimes can be reduced by over an order of magnitude for E ≲ 800 keV. At
E = 800 keV this occurs at L ∼ 1.8, while for E = 100 keV the maximum reduction is at larger L, L ∼ 2.2.
VLF transmitters have a considerably smaller effect on higher-energy electrons. Even including VLF trans-
mitter waves, lifetimes for 2 MeV electrons are over 103 days at L ≲ 1.8. In particular, there is no indication
that transmitter waves lead to rapid removal of high-energy electrons in the inner region. For example, life-
times for ≳ 800 keV electrons is a year or more at L > 2.5 (blue lines in Figures 9e and 9f). It is therefore
difficult to see from our work how VLF transmitter signals can be responsible for the so-called impenetrable
barrier of multi–megaelectron volt electrons as has been suggested previously (Foster et al., 2016).

The electron lifetimes can be understood by considering the diffusion coefficients in Figure 5 and noting
that electron lifetimes can be estimated by max𝛼{1∕(D𝛼𝛼tan(𝛼))} = 𝜏A ∼ 𝜏 (Albert & Shprits, 2009). At
L = 1.5, Figures 5a and 5d, Coulomb collisions are the only mechanism scattering electron in the parameter
space given by 20 ≲ E ≲ 500 keV and 𝛼 ≲ 45◦, and hence, they determine the minimum of D𝛼𝛼 tan(𝛼) and
the lifetimes. At higher energies, VLF transmitter waves are able to resonate with the electrons at 𝛼 ≲ 45◦,
scattering them and hence increasing the minima in D𝛼𝛼 tan(𝛼) and decreasing 𝜏. At L = 2, Figures 5b and
5e, VLF transmitter waves are able to scatter electrons consistently in the range 30 ≲ E ≲2,000 keV and
𝛼 ≲ 75◦. Hiss waves on the other hand cannot; their scattering is strong but limited to energies above 200 keV
at low pitch angles (corresponding to cyclotron resonances) and to high pitch angles over all considered
energies (corresponding to Landau resonances). Importantly, there is a deep minima in D𝛼𝛼 between these
two regions. VLF transmitter waves partially fill this gap at energies below≲1 MeV and consequently reduce
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𝜏. At L = 2.5, Figure 5f, hiss diffusion is effective over all pitch angle for energies ≳500 keV and the VLF
transmitter waves are insufficiently strong to contribute. At lower energies the VLF transmitter waves do
contribute, however, either through filling the minima in D𝛼𝛼 or by providing scattering at low pitch angles.

One of the largest open questions concerning VLF transmitter waves in the radiation belts is whether or
not the waves are ducted by density enhancements (Clilverd et al., 2008; Gamble et al., 2008; Sauvaud et al.,
2008; Zhang et al., 2018). In this paper we follow Ma et al. (2017) in our assumptions on the ducted to
nonducted wave power ratio. These assumptions are based on observed reductions in wave power above
the half electron gyrofrequency (Clilverd et al., 2008; Ma et al., 2017) and ray tracing simulations (Clilverd
& Horne, 1996); however, the ratios are still uncertain, and hence, we also consider the extreme cases of
ducted and nonducted alone. We show that loss time scales are fairly insensitive to this ratio, except for low
energies E ≲100 keV. From a forecasting and global modeling view point, it is partly reassuring that the
assumption on the ducted to nonducted ratio does not strongly effect electron lifetimes.

Comparisons of electron decay time scale with observations in the inner belt are problematic. First, obser-
vations of high-energy electron fluxes are infrequent (Claudepierre et al., 2017). Second, the long decay time
scales, ≳1,000 days, make a like-for-like comparison difficult as the inner belt is unlikely to have reached a
steady decaying profile before another disturbance occurs. For instance, the time scales calculated from loss
cone DEMETER/IDP observations (Benck et al., 2010) likely capture temporary low pitch angle losses rather
than whole distribution decay. The electron lifetimes presented here correspond to the lowest eigenvalues of
pitch angle diffusion models (Lyons & Thorne, 1973), which can differ significantly from the higher eigen-
values, which contribute on shorter times, complicating the interpretation of observations of electron flux
decay (Albert & Shprits, 2009; Baker et al., 2007).
8. Conclusions
We have calculated MLT- and longitude-dependent electron equatorial pitch angle diffusion coefficients
between L = 1.1 and 3.0, for each ground-based VLF transmitter using Van Allen Probes measurements.
These coefficients have then been incorporated into a 1-D pitch angle diffusion model with implicit MLT
and longitude dependence to explore the effect of VLF transmitter waves. Our main results are as follows:

1. Despite the localized nature of the VLF transmitter waves, we find that global averages of the wave power,
determined by averaging the wave power over MLT and longitude, capture the long-term dynamics of the
loss process.

2. At subrelativistic energies, E ∼ 40 keV, VLF transmitter waves reduce electron lifetimes by an order of
magnitude or more, down to the order of 100 days, in the bulk of the slot region.

3. At moderate relativistic energies, E ∼ 500 keV, VLF transmitter waves reduce electron lifetimes by an
order of magnitude or more, down to the order of 200 days near the outer edge of the inner radiation belt.

4. VLF transmitter waves are ineffective at removing multi–megaelectron volt electrons from the inner belt
and slot region. Our work suggests that they are not responsible for the so-called impenetrable barrier.

5. In general, nonducted VLF transmitter waves are marginally less effective than ducted VLF transmitter
waves at reducing electron lifetimes by a factor of 1–4.

The VLF transmitter diffusion coefficients constructed here will be used in global radiation belt models to
help improve understanding of the long-term behavior of the inner radiation belt and slot region.

Appendix A: Poynting Flux
Following Albert (2012), we define

𝜌1 =
(
1 − Ŝ

)
sin𝜓 cos𝜓∕

[
D̂
(
sin2𝜓 − P̂

)]
, (A1)

𝜌2 =
(
1 − Ŝ

)
∕D̂, (A2)

𝜌m2 = D̂
(

P̂ − sin2
𝜓
)
∕
[
P̂
(
1 − Ŝ

)]
, (A3)

𝜌m1 = 𝜌m2 tan𝜓, (A4)

X = P̂∕
(

P̂ − sin2
𝜓
)

(A5)
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where
(

Ŝ, D̂, P̂
)

are defined as (S,D,P)∕𝜇2 where (S,D,P) are the Stix cold plasma quantities (Stix, 1992).
These can then be used to convert the EMFISIS equatorial electric field observations, split into ducted and
nonducted, into magnetic field intensities, via

E2
w

B2
w
=

1 + 𝜌2
1 + 𝜌

2
2

1 + 𝜌2
m1 + 𝜌

2
m2

𝜌2
m2

𝜇2cos2𝜓
. (A6)

and from this the Poynting flux, for ducted and nonducted, in Gaussian units, can be calculated using

Sw = c
4𝜋

[(
tan𝜓 − 𝜌1𝜌2X

)2 +
(
1 + 𝜌2

2X
)2
]1∕2
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