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Abstract The very low‐frequency transmitter in the Northwest Cape of Australia (NWC) has previously
been observed to pitch‐angle scatter electrons with energies from 30–400 keV, creating enhanced fluxes
measured by low‐Earth orbiting (LEO) satellites. Here we use observations from the Energetic Particle
Telescope on PROBA‐V.We compare the measured flux, as a function of local magnetic field strength, when
the NWC transmitter is “on” versus “off,” and find enhanced fluxes only when NWC is “on” and located
on the nightside. The enhanced fluxes occur in the population gradually transitioning from “permanently
trapped” to “quasi‐trapped.” We show that electrons up to 800 keV, substantially higher energy than
previously studied, are scattered by resonant interactions with NWC to produce enhanced fluxes. The
enhanced fluxes appear at multiple L‐shells for each energy channel, consistent with resonance conditions
at distinct wave normal angles, that indicate ducted interactions at L < 1.55 and unducted interactions
at L > 1.65.

Plain Language Summary Radio waves with a low enough frequency can reflect off Earth's
surface as well as the ionosphere, a layer of charged particles above Earth's atmosphere created by the
Sun's ionization of the upper atmosphere. These waves bounce back and forth in the Earth‐ionosphere
waveguide, enabling AM (Amplitude Modulation) radio to be heard at large distances, for example.
Transmitters with even lower frequencies than AM radio, in the tens of kiloHertz range, are used to
communicate with submarines just below the ocean's surface that can be located on the other side of the
world. The ionosphere is not a perfect reflector, though, and some of the transmitter wave power escapes
into Earth's magnetosphere, a region where charged particles like electrons can be trapped for manymonths
on magnetic field lines. The radio waves can scatter the trapped electrons into Earth's atmosphere, where
they rapidly lose energy and no longer pose a threat to space‐based assets. Understanding how naval
transmitters scatter trapped electrons is needed to help us explain why electrons stay trapped for as long as
they do, and enable us to predict radiation damage to the growing number of satellites that orbit Earth
with low altitudes, which limits the satellite's useful lifetime.

1. Introduction

High‐energy electrons trapped in Earth's inner radiation belt have decay times as long as hundreds of days,
compared to the outer belt of high‐energy electrons that have decay times of days to tens of days
(Claudepierre et al., 2020). The source and loss mechanisms that control the inner‐belt electron population
are still being investigated (Albert et al., 2020; Claudepierre et al., 2020; Ross et al., 2019), despite the fact that
the first model to explain the two‐belt structure of trapped electrons was published almost 50 years ago
(Lyons & Thorne, 1973). Abel and Thorne (1998) quantified the role that pitch‐angle scattering from
lightning‐generated whistlers (LGW) and Navy ground‐based transmitters needed to play to explain the
observed decay times at low L‐shell observed after the Starfish Prime high‐altitude nuclear explosion.
These early models used assumptions based on the often sparse observational record available at that time
for the wave properties and plasmasphere (cf. review in Ripoll et al., 2020). These assumptions have since
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been refined by a number of authors using space‐based measurements, most recently from the NASA Van
Allen Probes mission (Mauk et al., 2012). The most recent work predicts decay times that are either substan-
tially larger than the observations in the inner belt at MeV energies (Ross et al., 2019) or have a large uncer-
tainty due to how the LGW and ground‐based transmitters propagate through the ionosphere and into the
magnetosphere and/or the state of the background plasmasphere (Albert et al., 2020; Starks et al., 2020).

Ground‐based very low‐frequency (VLF) transmitters present an opportunity to validate the use of quasi-
linear theory for wave‐particle interactions by comparing predictions of pitch‐angle scattering to observa-
tional data in a situation in which the wave properties and background magnetic field and cold plasma
properties are well known. Sauvaud et al. (2008) used the IDP detector aboard the DEMETER satellite
(Sauvaud et al., 2006) to identify times when the VLF transmitter located in the Northwest Cape of
Australia (NWC) pitch‐angle scattered electrons in the [100,400] keV energy range into the drift loss cone.
They found that enhanced levels of flux were present in a narrow range of L‐shells spanning [1.6,1.8] that
depended on energy in the manner expected by the resonance condition at the heart of quasilinear theory.
The average flux was plotted versus geographic longitude and latitude to show a “wisp” of enhanced flux that
started just a few degrees West of the NWC transmitter and persisted eastward until the South Atlantic
Anomaly (SAA), where the electrons were lost to the system. More than 80% of DEMETER orbits show flux
enhancements in the drift loss cone associated with scattering of 100–400 keV electrons (Rodger et al., 2010).
Members of that team also looked for enhanced fluxes from the NPM transmitter in Hawaii, which is at
lower L‐shell, and rarely saw them; the only example shown is for <250 keV electrons (Gamble et al., 2008).
Gamble et al. (2008) concluded that the paucity of enhanced fluxes below L = 1.6 for both NWC and NPM
may suggest that nonducted propagation is an inefficient mechanism for scattering electrons. Selesnick
et al. (2013) showed that a diffusion model could quantitatively explain the NWC observations, and
Zhang et al. (2016) used the MEPED instrument on NOAA's POES satellite to see enhanced fluxes due to
NWC at lower energy, [30,100] keV, and at the higher L‐shells [1.8,2.1] predicted by the resonance condition.
Li et al. (2012) showed a small enhancement of 300–800 keV electrons at L = [1.9,1.95], also using
DEMETER data, but did not show precipitation above 400 keV for L < 1.6, perhaps because they binned
fluxes coarsely in two of the three variables (energy, L, and longitude/B) rather than binning with high reso-
lution in all three variables as we do here.

In this paper, we demonstrate that enhanced fluxes due to NWC are observed in the drift loss cone for higher
energy (500–800 keV) and lower L‐shells, L = [1.4, 1.8] than described in earlier work. The observations pre-
sented here create an opportunity for comparison to models at energies closer to the MeV range, for which
the decay times remain unexplained and direct observation of precipitation is more difficult to see due to less
frequent occurrence of higher flux levels in the inner belt (Fennell et al., 2015; Ripoll et al., 2019). We bin
PROBA‐V Energetic Particle Telescope (EPT) flux observations byMcIlwain L and local strength of the mag-
netic field, B, and compare the average flux seen as a function of (B,L) during periods when the NWC trans-
mitter is on versus when it is off, showing significant enhancements in flux that are attributable to the
transmitter and occur at the energy‐dependent L‐shells predicted by the resonance condition for ducted
and nonducted NWC waves. We next average the flux over (B,L) bins using two nonoverlapping ranges in
geographic longitude to demonstrate that the enhanced fluxes are due to electrons that exist in a transition
zone between “permanently trapped” and “quasi‐trapped.” We also display the log of the average fluxes
when the transmitter is on versus off, plotted versus geographic longitude and latitude. These plots reveal
“diffuse wisps,” similar to the “wisps” shown in Sauvaud et al. (2008) but displaced to lower L, broader in
L, and more restricted in longitude to near the Western edge of the SAA.

2. Data and Analysis
2.1. PROBA‐V EPT Data

PROBA‐V is a three‐axis stabilized vegetation‐imaging satellite launched by the European Space Agency on
7May 2013 to LEO polar orbit with an altitude of 820 km, inclination of 98.73°, and 10:30 a.m. nominal local
time of the descending node (Pierrard et al., 2014). The EPT (Cyamukungu et al., 2014) is a (dE, E)
charged‐particle spectrometer using a thin front detector and thick back detector. The EPT accumulates
counts in a large number of physical channels using deposited‐energy thresholds, but estimates electron flux
in only seven virtual channels spanning the following energy ranges (in MeV): E1 = [0.5,0.6], E2 = [0.6,0.7],

10.1029/2020GL089077Geophysical Research Letters

CUNNINGHAM ET AL. 2 of 10



E3 = [0.7,0.8], E4 = [0.8,1], E5 = [1,2.4], E6 = [2.4,8], E7 = [8,20]. The collimator opening angle is 52° with
the central axis pointed East on the nightside and West on the dayside. A three‐component magnetometer
determines the local magnetic field direction at the satellite allowing the pitch‐angle corresponding to the
look direction of the central axis to be computed and dumped to file. The files that were used for this study
contain the date and time of collection, the geographic longitude and latitude, pitch‐angle, McIlwain L of a
particle that mirrors at the satellite location, B field at the satellite, the flux in each of the seven virtual chan-
nels, and a chi‐squared fit value. The time cadence of the samples is 2 s. The McIlwain L and local B‐field
strength are evaluated using the UNILIB v2.20 (http://trend.aeronomie.be/NEEDLE/unilib.html) imple-
mentation of the IGRF/Olsen‐Pfitzer quiet‐time magnetic field model. Data from August–September,
2016, were used for this study for reasons explained below.

2.2. The NWC Transmitter

The NWC transmitter is located in the NWC at (21.82°S, 114.15°E), which corresponds to magnetic coordi-
nates of (−31.96°, 186.4°) and an L‐shell of ~1.4. The transmitter operates nearly continuously with ~1 MW
radiated power, except for routine maintenance that occurs regularly on Monday/Wednesday mornings and
sometimes on other days. Routine maintenance outages have a variable duration that is typically less than
8 hr, often significantly less than 8 hr. We used the ABOVE VLF receiver network (Cully et al., 2014) to iden-
tify a rare and extended maintenance period spanning 15 August (~02:30 UT) through 18 September 2016
during the entirety of which NWC was off. We call this period the “transmitter off” period in discussions
below. The 2‐week period prior to, and the 2‐week period after, the extended maintenance period was used
as the “transmitter on” period, and included the short outages due to routine maintenance. The extended
maintenance period provides an ideal opportunity to compare EPT fluxes when the transmitter is “on” to
when the transmitter is “off,” particularly when the NWC is on the nightside where we expect to see an
effect.

2.3. Analysis of the PROBA‐V EPT Data

The EPT data were binned in several ways. First, we binned the data for each electron channel in (B,L) coor-
dinates, with bins in B that are 0.01 Gauss wide and span [0.15,0.4] G, and bins in McIlwain L that are 0.04
RE wide spanning [1.2,2]. We accumulated 2‐s flux estimates in each (B,L) bin spanning the “transmitter on”
and “transmitter off” periods. We did separate accumulations for times when NWC was on the dayside and
nightside, anticipating from Sauvaud et al. (2008) that we would see a bigger effect when NWC is on the
nightside than the dayside. Because Sauvaud et al. (2008) showed that enhanced fluxes were seen when
the satellite was at longitudes between the NWC and the SAA, we also restricted our samples to be from
times when PROBA‐Vwas in this longitude range (120–300°E). We accumulated the number of flux samples
in each (B,L) bin, as well as the flux, and computed the average flux in each (B,L) bin by dividing the accu-
mulated flux by the number of samples in each (B,L) bin. In this way, we generated the information for the
“transmitter on, dayside” and “transmitter on, nightside” figures in section 3. We followed this same pre-
scription to find the average fluxes during the extended maintenance period to generate the information
for the “transmitter off, dayside” and “transmitter off, nightside” figures. Finally, in order to test the hypoth-
esis that the enhanced fluxes were caused by NWC scattering electrons into the drift loss cone, we generated
a second set of average fluxes by accumulating flux only when the satellite was East of the SAA and well
West of the NWC. The idea is that any flux seen at values of (B,L) that are in the drift loss cone at longitudes
East of the SAA could not have been scattered to that value of B by the NWC transmitter because they would
have been intercepted by the SAA prior to drifting to that location. In summary, then, for each energy chan-
nel, we generated eight average fluxes versus B and L under different conditions for the transmitter and loca-
tions for the satellite.

3. Enhanced Fluxes Show NWC Scattering of 500–800 keV Electrons
Over L = 1.4–1.8

Figure 1a contains a comparison of the average flux for the [500,600] keV channel, in the L = [1.52,1.56] bin,
as a function of B. The plot on the left shows the average flux when NWC is on the nightside for the “trans-
mitter on” (black) and “transmitter off” (red) conditions, with the averaging further divided into times when
the satellite longitude is either (a) between the NWC and SAA (120–300°E), i.e., the satellite is West of the
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SAA (solid lines), or (b) the satellite is East of the SAA (plus symbols). Figure 1b shows the same information
when NWC is on the dayside.

A comparison of the solid black and solid red lines in Figure 1a illustrates that when the NWC transmitter is
on and in the nightside, the flux is enhanced relative to when the transmitter is off and in the nightside, for
values of B spanning the interval [0.2,0.25]. There is no difference between the average fluxes when the
transmitter is on versus off when the transmitter is on the dayside (Figure 1b). A comparison of the solid
black line with the black symbols in Figure 1a shows that as much as 90% of the average flux for values of
B in the range [0.22,0.25] is lost in the SAA, since the average flux when PROBA‐V is West of the SAA (solid
black line) is approximately nine times higher than when PROBA‐V is East of the SAA (black symbols). This
would appear to mean that electrons are being scattered by the NWC into the drift loss cone, the “quasi‐
trapped region,” and most are lost when they encounter the SAA in less than one drift around Earth. A simi-
lar behavior is seen for the [600,700] and [700,800] keV channels (not shown), but for the higher energy
channels (above 800 keV) the counting statistics are inadequate during the study interval to assess differ-
ences between the transmitter “on” and “off” average fluxes.

The value of B that we assign to the edge of the drift loss cone is the value for which an electron mirroring at
that value drifts around Earth with a minimum altitude equal to 80 km. This value of B is L‐dependent; at
L = 1.54 in the IGRF magnetic field it is ~0.234 G. The value is also dependent on the minimum altitude.
If we had used 200 km instead of 80 km, the value would be B = 0.224 G. Electrons that mirror at a value
of B > 0.234 G will encounter an altitude lower than 80 km somewhere in their drift around Earth, e.g.,
in the SAA. Some of these electrons are in the drift loss cone and are called “quasi‐trapped” because they
are not expected to make a complete drift around Earth. Electrons that mirror at B < 0.234 are on drift shells
that have a minimum altitude greater than 80 km, and are called “permanently trapped” because they are

Figure 1. Average flux (electrons/cm2 s sr MeV) for the [500,600] keV electron energy channel when NWC is on the (a)
nightside and (b) dayside. Maximum ratio of the flux when the NWC transmitter is “on” to the flux when it is “off,”
over B spanning [0.2,0.25], when NWC is (c) on the nightside and (d) on the dayside, for three energy channels from EPT.
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expected to makemultiple trips around Earth before they lose a significant fraction of their energy. Figure 1a
illustrates that the edge of the drift loss cone is not a hard boundary, since the fraction of the enhanced flux
that is lost in the SAA gradually increases with increasing B—there is not a discontinuous transition in the
fraction that is lost at a single value of B. There is a substantial difference between the average flux when the
transmitter is off and on the nightside (solid red line in Figure 1a) vs. the dayside (solid red line in Figure 1b).
This may be due to the fact that the minimum altitude achieved by the drift shells is in the SAA, which is on
the opposite side of Earth from NWC. Thus, when NWC is on the nightside, the SAA is on the dayside. Since
the atmosphere and ionosphere are local‐time dependent, the trapped flux has a diurnal dependence
described in Cunningham et al. (2018), which we observe here.

In order to identify which L‐shells show flux enhancements and which do not, for each bin in L we compute
the ratio of the average flux when the NWC transmitter is “on” to the average flux when the NWC transmit-
ter is “off,” both taken when NWC is on the nightside, for each bin in B spanning the range [0.2,0.25]. The
maximum of the five ratios thus obtained is plotted in Figure 1 as the “maximum ratio” versus L for each of
three energy channels. We find enhancement in flux over several relatively narrow ranges in L (Figure 1c).
When NWC is on the dayside (Figure 1d), we find that there is no significant enhancement in fluxes. The
maximum ratio obtains a peak value at higher L for lower energy, consistent with previous work
(Sauvaud et al., 2008; Zhang et al., 2016). The peak value of the maximum ratio obtained over all L is
7–13, much smaller than the factor of 300 that was reported for lower energies (Sauvaud et al., 2008), which
may be due to the fact that the lower‐energy observations were made at higher values of B where the “back-
ground” flux level is much lower. Figure 1c shows additional peaks of the maximum ratio at higher L‐shell
for each energy which were unexpected.

Figure 1 prompts the question of whether the peaks are at values of L where we expect resonant interactions
with NWC transmitter waves to occur. We investigated this using a dipole magnetic field B(L, λ), where λ is
magnetic latitude (MLAT), and a cold plasma density model N(L) = 3572(1.5/L)4, which approximates the
“low‐density” model used by Starks et al. (2020). At L = 1.54, this density model is ~40% lower than that of
Ozhogin et al. (2012), or about 1 standard deviation below the recommended value (Ozhogin et al., 2012,
Equation 2). We use these models and the cold plasma dispersion relation to compute the index of refraction,
n(θ, L)= ck(θ, L)/ω , where θ is the wave normal angle, c is the speed of light, k is the wave number, andω is
the NWC wave frequency (19.8 kHz). We are interested in waves that scatter electrons that mirror near the
edge of the drift loss cone, which we specify as mirroring at a fixed value of B = 0.22 G, the center of the range
used to compute the maximum flux ratios in Figures 1c/1d. The resonance condition (Glauert &
Horne, 2005) can be expressed as

n θ;Lð Þcosθ¼ 1þm Ωej j
γω

� �
= cosαeq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− 1=γð Þ2

q� �
; (1)

where |Ωe(L)| is the nonrelativistic electron gyrofrequency, cosαeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− B L; λð Þ=0:22ð Þp

is the cosine of

the equatorial pitch‐angle, and γ = 1 + (E/mec
2) is the Lorentz factor for an electron with kinetic energy

E. Thus, for fixed values of E, L, λ and the “harmonic number” m, we find the values of θ that satisfy
Equation 1. If there is more than one value of θ that satisfies 1, we retain the solution that is closest to
parallel; there may be no solutions at some (E, m, L, λ). In this manner we compute θ(E, m, L, λ) as
the solution to a root‐finding problem, an example of which is in Figure 2a for E = 500, m = ±1,
L = 1.75, λ = 0.

For the three energy channels plotted in Figures 1c/1d, we find that a parallel wave at the magnetic equator
with m = −1 is resonant for values of L near the primary peaks in Figure 1c, plotted as colored circles in
Figure 2b. We also find that for the secondary peaks in Figure 1c the resonance condition is satisfied for a
more oblique wave at the magnetic equator with m = +1 (colored rectangles in Figure 2b). Resonant inter-
actions with NWC waves may also occur off the magnetic equator, although in Figure 2c we see that only a
parallel wave interacting at the equator is resonant with 500 keV electrons at the L‐shell where the primary
peak occurs in Figure 1c (L = 1.54). Thus, at lower L the electrons appear to be resonant with waves that are
nearly parallel, typically associated with ducted propagation. At the higher L associated with the secondary
peaks (1.65–1.8), both parallel and oblique waves can be resonant, with oblique waves resonant near the
equator for m = +1 and parallel waves resonant off‐equator for m = ±1. Due to the fact that the
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transmitter is a significant distance from the footpoints associated with these larger L‐shells, we think it
more likely that oblique waves associated with nonducted propagation from the NWC transmitter are
responsible for the scattering observed at larger L. The density model that is used affects this
interpretation, since an increase in density shifts the solutions to lower L and makes a resonant
interaction with oblique waves possible at lower L. Figure 2d shows the result when the density model is
multiplied by 1.4, bringing it to the value recommended by Ozhogin et al. (2012) at L = 1.54. Lyons
et al. (1972) and Glauert and Horne (2005) showed that the m = −1 and m = +1 harmonics can
have comparably sized diffusion coefficients, while Mourenas and Ripoll (2012) showed that harmonics
with |m| > 1 are associated with small diffusion coefficients at L = 1.5. Ripoll et al. (2014) has
comprehensive figures of diffusion coefficients and electron lifetimes as a function of ω, θ, E, m, L due to
narrowband waves.

The average flux can also be plotted as a function of geographic latitude and longitude. In Sauvaud
et al. (2008), this type of plot shows a “wisp” of enhanced flux along a curved line that corresponds to a fixed
McIlwain L‐shell and extends over a broad range of longitude from the NWC transmitter East to the SAA.
The wisps in Sauvaud et al. (2008) were not observed East of the SAA. We do not see a pronounced narrow
wisp spanning a wide range of longitude, but we do see a “diffuse wisp” of enhanced fluxWest of the SAA at
energy‐dependent L‐shells (Figure 3). The diffuse wisp is displaced to lower L, is broader in L, and is more
restricted in longitude to near theWestern edge of the South Atlantica Anomaly (SAA) than the “wisps” seen
in Sauvaud et al. (2008).

Now we anticipate some concerns that the reader may have with our analysis. First, the large opening angle
of the collimator, combined with the fact that the collimator points East on the nightside and West on the

Figure 2. (a) Resonance condition for NWC waves at E = 500, m = ±1, L = 1.75, λ = 0 shows a solution for m = +1
(dashed horizontal line) but not m = −1 (solid horizontal line). (b) Wave normal angles satisfying the resonance
condition at the magnetic equator for three energies. The colored circles (rectangles) are centered at the L‐shell where the
largest (secondary) peaks for each energy are seen in Figures 1c/1d. Wave normal angles satisfying the resonance
condition at E = 500 keV as a function of L, λ using the (c) low‐density plasma model and (d) low‐density plasma model
multiplied by 1.4.
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dayside, may create a systematic bias in the range of local pitch angles that is accepted by the collimator
aperture. We generated the results in Figures 1a/1b using two approaches, one which used only local
pitch‐angles within 5° of 90 and used the B at the satellite location as is, and a second approach that used
all pitch angles but corrected B by dividing it by the squared sine of the local pitch angle. The two
approaches produced no substantive differences (not shown). Second, the magnetic field model used to
evaluate (B,L) does not include effects from solar or geomagnetic activity. We evaluated a variety of field
models that include these effects and found that the strength of the field varies in the third significant
digit (~100 nT) during our study period, and is thus inconsequential (not shown). Third, it is possible that
the permanently trapped population of electrons could vary with time. We computed the daily‐averaged
value of the “most trapped” population sampled by the PROBA‐V satellite at L = [1.52,1.56], and found
that it varies by less than a factor of ±2 from its mean value over the 60‐day study period (not shown).
The fact that the flux of [500,600] keV electrons is so steady over this period is likely due to the fact that
cosmic‐ray albedo neutron decay is a steady source of the electron population at this energy and L‐shell
that reaches an equilibrium state in the absence of injections (Xiang et al., 2019). Finally, we emphasize
that we only consider scattering by NWC in Figure 2 because the flux ratio is a comparison of times when
NWC is on versus off; however, it is possible that some of the scattering observed by PROBA‐V is caused
by other transmitters.

Our interpretation that the resonant waves at lower L (1.48–1.54) are parallel, likely associated with
ducted transport, and that the resonant waves at larger L (1.65–1.75) may be oblique, associated with non-
ducted transport, might surprise the reader. While the results shown here do not specify the relative abun-
dance of ducted vs. nonducted waves at any L, our interpretation relies on the possibility of ducts existing
down to L = 1.48. Thomson (1987a) studied ducted and nonducted waves that were received at Dunedin
from the NPM transmitter in Hawaii by measuring the group delay. The occurrence histogram of group
delays (Thomson, 1987a, Figure 4) shows two distinct received signal populations. The first population
has a narrow peak at ~100 ms and was shown by Thomson (1987b) to be nonducted whistlers reaching
a maximum height of 1,400 km. The second population, “normal whistlers” assumed to be ducted, has
a peak at ~450 ms and extends from ~200 to ~800 ms. This range of group delays corresponds to an
L‐shell range of ~[1.5,3] using an offset dipole and the Ozhogin et al. (2012) cold plasma density model

Figure 3. (top) Logarithm of the average flux in the [500,600] keV channel (spanning 1–105 electrons/cm2 s sr MeV) as a function of geographic longitude
(horizontal) and latitude (vertical) when NWC is on the nightside and the transmitter is (a) off and (b) on. (bottom) Same as (top) but for the average flux in
the [600,700] keV channel (spanning 0.1–103 electrons/cm2 s sr MeV) when the transmitter is (c) off and (d) on. The outer radiation belt is the dark red band at the
bottom of each image. The SAA is the dark area of red encompassing the bottom half of South America. The curved thick line is L = 1.54.
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(with latitude dependence) to compute the total delay, i.e., the integral along the field line of the arclength
divided by the local group velocity, ∂ω/∂k, for a parallel wave. Clilverd et al. (2008) states that ducting is
not observed below L ~ 1.5 based on Thomson (1987a, 1987b), presumably using such an analysis. This is
in conflict with our assertion that ducted waves at L = [1.48,1.54] are responsible for the enhanced fluxes
observed by NWC; however, increasing the cold plasma density by a factor of 2 (well within the uncer-
tainty in Ozhogin et al., 2012, Equation 2) means that the 200 msec delay is consistent with L = 1.3, elim-
inating the conflict. Clilverd et al. (2008) found that the DEMETER‐measured spatial distribution of wave
power measured directly above NWC was centered on the transmitter after correction for field line geo-
metry, but the spatial distribution of power in the conjugate hemisphere was offset poleward, consistent
with propagation of oblique waves. A spatial distribution of power above the transmitter and at its conju-
gate point that are very similar would be consistent with ducted propagation. Cohen and Inan (2012)
observed distributions consistent with ducted propagation at low L and nonducted propagation at high
L for NWC using DEMETER.

Starks et al. (2020, Figure 11) compare predicted electric and magnetic field intensities versus L‐shell,
summed over all nine transmitters they modeled and averaged over season, local time, and magnetic long-
itude, to data fromMa et al. (2017) andMeredith et al. (2019). They conclude that the low‐density nonducted
model best matches the data for L < 1.7 and the high‐density ducted model best matches for L > 1.7. This
appears to contradict our interpretation of the NWC data, although it should be emphasized that Figure
11 in Starks et al. (2020) is the cumulative intensity from all nine transmitters, whereas our study concerns
only NWC. More importantly, if one matches the location of the peak intensity in L, rather than the value of
the peak intensity, the ducted model is a better match at L < 1.7 because it has a peak at L = 1.5, whereas the
nonducted model has a peak near L = 1.25 (see also the predictions for NWC in Starks et al., 2020, Figures 5
and 6). For this reason, we interpret the model results of Starks et al. (2020) as supporting our interpretation
of the NWC data. Starks et al. (2020, Figure 9) show that the ducted and nonducted models for NWC yield
comparable intensity at L = 1.6, suggesting that both ducted and nonducted waves may have adequate inten-
sity to scatter electrons at higher L.

4. Conclusions

PROBA‐VEPT data have been used to quantify the effect that pitch‐angle scattering from the NWC transmit-
ter has on average fluxes of [500,800] keV electrons over (B, L). We observe enhanced average fluxes when
NWC is “on” compared to when it is “off,” but only when NWC is on the nightside. No significant change
in average flux is observed when NWC is on the dayside. The ratio of flux computed with the transmitter
“on” versus “off” shows multiple peaks for each energy channel, each peak spanning a narrow range in L.
The primary peak for higher energies is centered at lower L while for lower energies the peak is centered
at higher L, consistent with Sauvaud et al. (2008) and Zhang et al. (2016) for lower energies. Secondary peaks
follow the same pattern but displaced to higher L. We calculated the resonance condition between the NWC
transmitter waves and electrons that mirror at the edge of the quasi‐trapped region, and found that a parallel
wavemost likely explains the primary peaks at low L and an oblique wavemost likely explains the secondary
peaks at higher L for each of the three energy channels. This is consistentwithmodeling by Starks et al. (2020),
who showed that powerful ducted waves can exist for L < 1.5 from NWC, but the power from nonducted
waves gradually overtakes that of ducted waves as L increases.Whereas Gamble et al. (2008) failed to identify
observations of enhanced flux at L < 1.6 due to NWC, here we show enhanced fluxes down to L ~ 1.4 for the
first time. We are not aware that secondary peaks at higher L‐shell have been reported previously.

The enhanced fluxes are observed at values of B for which the electrons are in a transition zone between
“permanently trapped” and “quasi‐trapped,” which we appear to be probing with the observations shown
here. The enhanced fluxes are observed immediately West of the SAA, but the enhanced flux level is reduced
at the same value of B East of the SAA, which suggests that interactions with the atmosphere in the SAA has
removed most of these electrons. The fraction of the enhanced flux that is lost drifting East through the SAA
gradually increases with increasing B, reinforcing the idea that there is a gradual transition from “perma-
nently trapped” to “quasi‐trapped,” and that the edge of the drift loss cone is not a hard boundary. We defer
to future work the use of a model to reproduce the observations, including the gradual transition from “per-
manently trapped” to “quasi‐trapped.”
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