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Abstract Observations from Van Allen Probes are analyzed to obtain the statistical wave normal
distribution of lightning-generated whistlers (LGWs). An automatic algorithm is developed to identify burst
mode waveform data with LGW signals and analyze the wave polarization information for these LGW signals.
The spatial distribution of the LGW occurrence and the probabilities of different propagation types demonstrate
that most LGWs can be observed in the low L-shell region (L < 3), where the dominant propagation type is
oblique outward. Parallel propagation dominates in the high L-shell region, but the LGW occurrence is very
small. Additionally, a small group of oblique but inwardly propagating LGWSs are observed at low altitudes
(<0.2Rp). A ray tracing simulation is performed not only to confirm predominant oblique and outward wave
vectors in the vast region of the plasmasphere but also to verify the existence of these inward propagating LGW
signals at low altitudes near the topside ionosphere.

Plain Language Summary A fraction of broadband electromagnetic emissions produced by
lightning strikes in the Earth's atmosphere can propagate through the ionosphere into the magnetosphere as
lightning-generated whistlers (LGWs). The LGW plays an important role in the electron scattering of the
radiation belts, the efficiency of which highly depends on their wave normal angles and thus the propagation
modes of the LGWs. In this study, we develop an algorithm to identify the burst mode waveform data from Van
Allen Probes' observations that capture the LGW signals. Using these identified waveforms, we statistically
study the wave normal distribution for LGWs in the inner magnetosphere. The results indicate that most LGWs
are observed in the low altitude region (<2Rg, R is the Earth's radius) with an oblique, radially outward wave
normal. In the high altitude region (~3R), parallel wave normals dominate, and in the very low altitude region
(<0.2Rp), the oblique inward wave normal exists. A ray tracing simulation is performed to confirm the dominant
oblique wave normal of LGWs and the existence of inward wave normals caused by the great plasma density
gradient in the very low altitude region. The results lead to our systematic understanding of LGWs and advance
the predictive capability of radiation belts.

1. Introduction

Lightning strikes in the Earth's atmosphere can produce broadband electromagnetic emissions, which are mostly
confined in the waveguide between the Earth and the ionosphere, within a horizontal distance of up to ~1,000 km
from the corresponding lightning sources (Fiser et al., 2010). Part of this lightning-associated radiation can leak
through the ionosphere within a narrow transmission cone near the vertical direction (Santolik et al., 2009) and
propagate into the inner magnetosphere as lightning-generated whistler (LGW) waves (Carpenter, 1968; Clilverd
et al., 2008; Helliwell, 1965, 1969; Inan & Bell, 1977; Storey, 1953; Tao et al., 2010). LGW waves are coherent
emissions with a frequency range from ~100 Hz to >30 kHz (Marshall et al., 2021), and most LGW waves are
confined inside the plasmasphere (Bortnik et al., 2003a; Oike et al., 2014). LGW waves are suggested to make a
significant contribution to the electron scattering in the inner radiation belt and slot region (the region separating
the inner and outer radiation belts) (Abel & Thorne, 1998; Gemelos et al., 2009; Green et al., 2020; Inan
et al., 2007; Peter & Inan, 2005; Rodger et al., 2003).

Recent studies compare observations from the World Wide Lightning Location Network (WWLLN) on the
ground to the in-situ spacecraft’ observations either at the topside ionosphere (DEMETER satellite) or near the
equatorial magnetosphere (Van Allen Probes), and reveal a significant correlation between lightning activity and
magnetospheric whistler waves. Némec et al. (2010) found good agreement between the lightning activity
recorded on the ground and the electric field fluctuations above 2 kHz observed by the DEMETER satellite. The

XIA ET AL.

1 of 12


https://orcid.org/0000-0001-8922-6484
https://orcid.org/0000-0003-2489-3571
https://orcid.org/0000-0002-0412-6407
https://orcid.org/0000-0002-7211-0546
https://orcid.org/0000-0001-9904-5839
https://orcid.org/0000-0001-8811-8836
mailto:Zhiyang.Xia@utdallas.edu
https://doi.org/10.1029/2023JA032353
https://doi.org/10.1029/2023JA032353
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JA032353&domain=pdf&date_stamp=2024-03-29

MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA032353

LGW wave intensity is stronger at the nightside than the dayside (because of much weaker collisional damping at
the nightside) and is larger in summer (due to higher occurrences of lightning strokes). A conjugate observation
(Zheng et al., 2016) reveals that approximately 40% of the whistlers observed by Van Allen Probes are one-to-one
coincident with source lightning strikes observed by WWLLN within 2,000 km of the Van Allen Probes footprint.
Recently, Ripoll et al. (2020) compared the distribution of the LGW distribution observed from Van Allen Probes
in longitude, L-shell and magnetic local time (MLT) with the distribution of lightning power density calculated
from WWLLN and found a great agreement for the region of L > 2.

From the observations of the DEMETER satellite, Colman and Starks (2013) found that LGW magnetic power
maximizes between L ~ 1.5 and L ~ 2.2 with a plateau at L ~ 2, and decays below L ~ 1.5. Using this wave model
as the source at the DEMETER altitude, Starks et al. (2020) traced the wave propagation and wave power
variation to obtain a model of LGW wave intensity inside the magnetosphere. Compared with the existing
empirical LGW intensity (from CRRES mission (Meredith et al., 2007) and from AKEBONO (Agapitov
et al., 2014)), the modeled LGW wave intensity shows an inconsistent L-shell profile and is lower in magnitude
(Figure 18 of Starks et al. (2020)). As Starks et al. (2020) argued, previous empirical LGW wave models in space
may be overestimated by a factor of ~2 to 10, especially in the large L-shell region (L = 2 — 4), due to the
difficulty in distinguishing them from plasmaspheric hiss with adjacent or overlapping frequency range. Green
et al. (2020) used the waveform observations of Van Allen Probes to extract LGW signals and statistically studied
the distribution of LGW wave power in the inner magnetosphere. Their results indicate that the LGW amplitude is
strong at L < 3 and that the occurrence is higher at the nightside than at the dayside. Recently, Ripoll, Farges,
Malaspina, Cunningham, Lay, et al. (2021) reported observations from both ground (by WWLLN) and space (by
Van Allen Probes) during lightning superbolts and found several properties of superbolts that are different from
usual lightning flashes: a more symmetric first ground-wave peak, larger peak electric current, weaker decay of
electromagnetic power density in space with distance, and more confined wave power in the very low frequency
range.

LGW waves can propagate in ducted or nonducted modes (Carpenter, 1968; Clilverd et al., 2008; Helliwell, 1969;
Inan & Bell, 1977). The ducted mode, through which the waves propagate along the background magnetic field
line, requires the existence of fine-scale gradients of the plasma density (Streltsov, 2021a, 2021b, 2022; Streltsov
et al., 2006). In such a mode of propagation, LGW-induced pitch angle scattering of electrons may be more
effective since the wave normal angles remain small. In theory, the ducted mode is more favorable for whistler
waves below f,/2 (Liu et al., 2021; Smith, 1961; Smith et al., 1960), where f,, is the electron gyrofrequency, and
thus, the comparison between the wave frequency and f,,/2 is often used as the indirect indication for the ducted
mode. The nonducted mode takes place in a smoothly varying medium. The wave normal angle analysis of the
LGW in Green et al. (2020) indicates that there exists a mixture of ducted and nonducted LGWs at L < 2 and
below 0.25 f; ;z over 2 < L < 4, and the nonducted mode becomes dominant over the range f; ;x to 0.1 f,., over
2 < L < 4. Recently, Ripoll, Farges, Malaspina, Cunningham, Hospodarsky, et al. (2021) used survey-mode
spectral data of Van Allen Probes to perform a statistical study of the wave normal angle distribution in the
region L < 3. They found that the distribution of predominantly electrostatic waves peaked at a large wave normal
angle, while the distribution of electromagnetic waves with a large magnetic component and small electric
component peaked at a small wave normal angle. The seasonal and continental dependences of the wave normal
angle were found to be very weak.

In previous studies about the LGWSs from the Van Allen Probes observation, the identification of LGW signals
was mainly based on the filter of the signal-to-noise ratio (SNR) of either the survey spectra data (Ripoll,
Farges, Malaspina, Cunningham, Hospodarsky, et al., 2021) or burst mode waveform data (Green et al., 2020),
which may include many non-LGW noises. Additionally, the LGW data in these studies are confined to a
limited L-shell range (L < 3 in Ripoll, Farges, Malaspina, Cunningham, Hospodarsky, et al. (2021) and L < 4
in Green et al. (2020)). In this study, we develop a new identification algorithm based on the frequency
dispersion of the LGW signals and select the EMFISIS burst mode waveform data of Van Allen Probes with
LGW signals. Consequently selected LGW data are not confined to a limited L-shell region. Using these
identified LGW signals, we perform a detailed analysis of the wave normal angle distribution of the LGWs in
the inner magnetosphere and its association with various modes of wave propagation (such as ducted and
nonducted modes). Finally, a ray tracing simulation is used to understand the propagation characteristics. In
this paper, we focus on wave normal direction characteristics instead of the direction of Poynting vectors and
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we use propagation direction in general to denote wave normal direction unless it is explicitly mentioned
otherwise.

2. Spacecraft and Instruments

The Van Allen Probes mission (Mauk et al., 2013) consists of twin satellites with identical instruments with
nearly similar near-equatorial and highly elliptical orbits with a perigee of approximately 1.1R; and an apogee of
approximately 5.8 Rg. They were launched in August 2012 and decommissioned in October 2019, with an
operating duration of approximately 7 years. The Waveform Receiver (WFR) of the Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFISIS) (Kletzing et al., 2013), consisting of six identical waveform
receivers with flat (to within 1 dB) response from 10 Hz to 12 kHz, provides 6-s duration of continuous burst-
mode waveform measurements of six electromagnetic components. The receivers are followed by a bandpass
filter (10 Hz-12 kHz) and a 16-bit A/D converter is used to digitize each signal at a sampling rate of 35 kHz. The
waveform data can be transferred from the satellite's coordinates (“uvw” coordinates) into the Geocentric Solar
Ecliptic (GSE) coordinates. Combining with the background magnetic field and satellite's location measurements
in the GSE coordinates, we can obtain the wave propagation and polarization information in the field-aligned
coordinates (FAC).

3. Identification and Polarization Analysis of the Lightning-Generated Whistler

An algorithm is developed to identify time intervals of the Van Allen Probes EMFISIS WFR burst mode
waveform data with LGW signals, and is explained by the following steps. First, for a set of 6-s magnetic field
waveform data (e.g., the waveform observed by Van Allen Probes B on 12 October 2017, shown by Figure 1), fast
Fourier transformation (FFT) is performed to obtain the wave total magnetic power spectral density (Figure 1a),
and the corresponding signal-to-noise ratio (SNR) (Figure 1b) is calculated using the mean value of a moving time
window of ~0.09 s as the background noise power. Then, the SNR spectra are converted into binary spectra (with
a value of 1 representing SNR >10 and O otherwise). For these binary-value dynamic spectra, the frequency
dispersion effects of LGW signals (i.e., higher frequency signals are observed earlier than lower frequency
signals) are removed so that the LGW signals can be converted to vertical stripes. The method of removing
frequency dispersion is also known as the dechirping algorithm in Zheng et al. (2016); Jacobson et al. (2011). An
example of resultant vertical binary-value spectra (PSD*) is shown in Figure 1c. Using PSD*, we summed over
the frequency and found local peaks. If a peak value (representing the number of frequency bins) exceeds a
threshold value, then this local peak is identified as an LGW signal (Figure 1d). The red dashed line in Figure 1d is
the threshold value to determine an LGW element in this event, and the identified LGW elements are labeled by
the white dashed lines in Figure 1c. One can see that strong LGW elements are effectively identified.

Using the algorithm above, we have identified waveforms with at least one LGW signal as our database for this
study. From all 7 years of 2,903,610 waveforms data of both Van Allen Probes A and B, 105,383 waveforms with
LGW signals are automatically identified. After manual inspection, only 284 waveforms were found to be falsely
identified, and 105,099 waveforms with clear LGW signals were correctly identified, with a very high correct
identification rate of 99.73%. These identified burst-mode waveform data were then used to extract propagation
and polarization features of LGW waves, using the singular value decomposition (SVD) method (Santolik
et al., 2003). For the example waveform shown in Figure 1, panels le-1h show the polar angle (6,) and the
azimuthal angle (¢,) of the wave vector k and the polar angle (0,) and the azimuthal angle (¢p) of the Poynting
vector P, respectively. The signals with magnetic field wave power spectral density less than 10~% nT%/Hz,
ellipticity less than 0.7, or planarity less than 0.7 are filtered out in Figure 1e—1h. The polar angles and azimuthal
angles are defined in the field-aligned coordinates (FAC), in which the z-axis is along the direction of the
background magnetic field, the y-axis is along the direction of the cross product of the z-axis and the radial di-
rection (from the Earth's center to the satellite), and the x-axis is the cross product of the y-axis and z-axis. The
waveform analysis shows a series of LGW signals with clear frequency dispersion. This 6-s waveform reveals a
series of pulses with oblique wave normal angle (130° < 6, < 170°) and inward pointing wave vector
(¢ ~ £180°). The characteristics of inward wave vectors will be further discussed in the following sections. The
Poynting vector shows that the LGW propagates southward nearly along the background field line (Figure 1g) and
inward (Figure 1h). A similar analysis to this example case was performed for all waveform data from Van Allen
Probes with identified LGW signals, and we conducted a statistical study on the LGW propagation characteristics
in the inner magnetosphere.
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Figure 1. An example of an identified waveform with LGW signals. (a) Magnetic wave power spectral density. (b) The SNR spectrum with a filter of 10. (c) The best
transformed binary spectrum and (d) the sum over frequency versus time of the transformed binary spectrum. (e) Polar angle, and (f) azimuthal angle of the wave normal

vector. (g) Polar angle and (h) azimuthal angle of the Poynting vector.
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Figure 2. The distribution of the normalized occurrence of data points for different polar angles and azimuthal angles of the
wave vector for the (a) dayside (6-18 MLT) and (b) nightside (18-24 and 0-6 MLT). The black, white and magenta dashed
boxes label the quasi-parallel, obliquely outward and obliquely inward propagation data points, respectively.

4. Statistical Results of the LGW Distribution and Propagation

Using the 105,099 identified 6-s waveforms with LGW signals from ~7 years of observation of Van Allen Probes,
we performed propagation analysis and then derived the spatial distribution of the LGW propagation features in
the inner magnetosphere. A total of 2,752 waveforms (2.62%) were ignored due to the lack of other supportive
data, such as the background magnetic field and coordinate transformation information. To examine the statistical
characteristics of 6, and ¢, of the LGW signals, we plotted the distribution of the normalized occurrence of the
data points for LGW signals over the frequency range between 2 and 10 kHz over 6, and ¢, for the dayside
(Figure 2a) and the nightside (Figure 2b), respectively. The data points of LGW signals were selected by applying
the same filters as Figures 1le—1h to the waveform spectra. It should be noted that ¢, loses its meaning for nearly
parallel (¢, = 0°) and antiparallel (¢, = 180°) wave vectors. We find that most LGW signals are confined near the
meridian plane with a preferred direction of radially outward (¢, ~ 0°). The 0, is widely distributed from near
parallel (~10° and 170°) to almost perpendicular (~90°), with peak occurrences at ~40°-80° and ~100°-150°. In
addition to the dominant occurrences of radially outward propagation (¢, ~ 0°), there is also a considerable
number of occurrences with oblique radially inward propagation (¢, ~ £180°). The outward propagation
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direction is expected in the nonducted propagation of whistler mode waves in the magnetosphere due to the
Earth's magnetic field, which tends to refract the wavenumber vectors away from the Earth. A similar angular
distribution with dominant outward propagation was reported for chorus waves in the magnetosphere (Hartley
et al., 2019), which can be explained by the same propagation effect. The existence of the inward propagation
mode is rather unexpected, and we will perform a detailed analysis of the origin of these waves in the next section.

From the 6, and ¢, distribution shown in Figure 2, we can divide the wave propagation into three main sub_-
regions: (a) quasi-parallel propagation (6, < 30° or 8, > 150°, labeled by the black dashed boxes in Figure 2); (b)
obliquely outward propagation (30° < 6, < 150° and I¢;| < 60°, labeled by the white dashed boxes in Figure 2);
and (c) obliquely inward propagation (30° < 6, < 150° and I¢p;| > 120°, labeled by the magenta dashed boxes in
Figure 2). Using these analyzed waveforms, we can check the spatial distribution of different propagation modes.
We first check the distribution of the occurrence rate of observed LGW signals. The occurrence rate is obtained as
the number of filtered LGW spectral data points normalized by the total number of spectral data points for all the
burst mode waveform measurements (1, X n, X n, where n,, is the number of 6-s waveform measurements
(shown in the Supporting Information), n, = 406 and n,= 511 are, respectively, the numbers of the time bins and
frequency bins of a 6-s spectrum due to a single waveform). The equatorial and meridional distributions of this
LGW occurrence rate are shown in Figures 3a and 3b, respectively. The radial component in the equatorial
distribution (Figure 3a) is the L-shell, while in the meridional distribution (Figure 3b), the radial component is the
geocentric distance. The results indicate that most LGWs are observed in the region of L < 3, and that more LGWs
can be observed at the nightside than at the dayside, as expected due to less electron collisional damping through
the nightside D-region ionosphere (e.g., Tao et al., 2010). The dependence of the occurrence rate on the latitude is
not very significant. Few LGW signals can be observed at L > 5. For the filtered LGW data points in each spatial
bin, the proportions of the data points for each of the three propagation modes, outward, inward and parallel
propagation, are calculated to approximate the probabilities of corresponding propagation modes as a function of
location. Figures 3c—3h show the equatorial and meridional distributions of the probabilities for outward prop-
agation (3c, 3d), inward propagation (3e, 3f), and parallel propagation (3g, 3h) signals. The results show that at a
large L-shell (>~4), most LGWs propagate nearly parallel to the background magnetic field. The lower
obliqueness may be due to the following two factors: (a) the plasmapause can be a very structured boundary layer
with many density crests and troughs to guide the LGWs; (b) most observed LGW signals in this region are those
guided from near-ground sources without experiencing magnetospheric reflection in the inner magnetosphere. In
contrast, at L < 3, most LGWs propagate obliquely, especially near the equator. Most of the oblique propagation
corresponds to outward wave normal vector direction, while inward propagation (with inward wave normal
direction) only becomes significant in the low altitude (<0.2Rj) region, with slightly more preference at the
dayside than nightside. This day-night asymmetry of inward propagation may be caused by the larger scale height
of the plasma density profiles in the ionosphere at the dayside than the nightside, and the resulting broader regions
of large density gradient at low altitudes are favorable for the inward propagation of the whistler wave. We will
look into the mechanism of inward and outward propagation modes in the next section.

Here we examine the wave normal angle distribution at different frequencies. Figure 4a shows the occurrence
rate of different wave normal angles 6, (y-axis) within different frequency bins (x-axis), which is calculated by
the data point number of a ,-frequency bin dividing the total data point number of the corresponding frequency
bin. Similar to the result in Figure 2, the values of wave normal angles exhibit a wide spread from nearly
parallel to very oblique with the occurrence peaks near 30° and 150° for all the frequency bands. The
occurrence gap near 90° becomes wider as frequency increases, due to wider resonance cone at higher wave
frequency. In the low frequency bands (~2—6 kHz), there exists a secondary peak in occurrences close to 90°.
The frequency-dependent wave normal angle distributions may reflect different types of LGW signals over
different frequency ranges. In these observed LGW cases, there are three main types of LGW signals: (a) the
original LGW signals before any reflection (Figure 1), which are usually observed in low L-shell region
(L < ~ 3) with a wide range of wave normal angles over the entire frequency band; (b) the nose whistlers
(Helliwell, 1965), which are observed at high L-shell region (L > ~ 3) with near parallel wave normal angles in
low frequency range (with a frequency upper bound near the nose frequency); (c) the magnetospheric reflected
(MR) whistlers (Bortnik et al., 2003b; Edgar, 1976), which are the manifestation of original LGWs after
multiple magnetospheric reflections and are usually observed in the low L-shell region with very oblique wave
normal angles in low frequency range. The secondary peak near 90° in Figure 4a should be mainly contributed
by the MR whistlers.
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Figure 3. (a) and (b) are the distributions of the LGW occurrence in the equatorial and meridional planes, respectively. (¢) and
(d) are the distributions of the probability of the oblique outward propagating LGW signal in the equator and meridional
planes, respectively. (e) and (f) are the distributions of oblique inward propagation. (g) and (h) are the distributions of parallel
propagation. The radial component in the equatorial plane is the L-shell, while in the meridional plane is the geocentric

distance.
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Figure 4. (a) The occurrence rate of LGW signals with different wave normal
angle 6, (y-axis) in different frequency bins (x-axis). (b) The occurrence rate
of LGW signals with different wave frequencies (y-axis) in different L-shell
bins (x-axis). (c) The occurrence rate of LGW signals with different wave
normal angles 6, (y-axis) in different L-shell bins (x-axis).

make another two plots. The first one is the occurrence rate of different fre-
quencies (y-axis) within different L-shell bins (x-axis), which is calculated by
the data point number of a frequency-L bin dividing the total data point
number of the corresponding L-shell bin. A clear frequency upper bound can
be found in the large L-shell region and the frequency bound decreases as the
L value increases. We overplot the estimation of the nose frequency (0.37f.,.)
(Angerami & Carpenter, 1966; Ho & Bernard, 1973) as the black dashed line,
and the variation of the nose frequency matches the frequency upper bound
well. This suggests that the main LGW signals in the large L-shell region are
nose whistlers. In the low L-shell region, there is a mixture of original LGWs
and MR whistlers. The occurrence rates of the higher frequency bands
(>6 kHz) are lower than the lower frequency bands (<6 kHz), likely due to the
two following reasons: (a) the intensity of the higher frequency band is
weaker; (b) the MR whistlers have an upper frequency bound. Figure 4c
shows the occurrence rates of different wave normal angles 0, (y-axis) within
different L-shell bins (x-axis), which is calculated by the data point number of
a 0,-L bin dividing the total data point number of the corresponding L-shell
bin. The wave normal angle distribution spreads widely when L-shell is small
(L < 3) and tends to be more parallel as the L-shell increases. Also, a
considerable population of MR whistlers with very oblique wave normal
angles can be found in the low L-shell region.

5. Inward and Outward Propagation Modes of LGWs

To understand the inward and outward propagation modes of LGWs, we
conducted a ray tracing simulation. We used the HOTRAY ray tracing code
(Horne, 1989) with a dipole magnetic field and a diffusive equilibrium plasma
density model with the parameters for the dayside as described in Bortnik
et al. (2011). Ray tracing in such a medium simulates propagation charac-
teristics of the nonducted propagation mode. The rays are launched at an
altitude of 500 km, with a typical LGW frequency of 5 kHz and the initial
wave normal being radially outward (since the transmission cone is very close
to the vertical direction (Bortnik et al., 2006; Helliwell, 1965)) at different
magnetic latitudes in the Northern Hemisphere. The L-shell of the plasma-
sphere is set to be an artificially high value of 10 so that we can compare the
propagation paths over a large range of L within the plasmasphere. The results
of the ray tracing simulation are shown in Figure 5. Figure 5a shows the
distribution of the plasma density on the meridional plane. One important
feature is the presence of a strong vertically downward gradient of plasma
density in the low altitude region associated with the ionospheric density
peak. Figure 5b shows the ray paths launched from different latitudes
(denoted by colors) on the meridional plane, with the portion of inward
(outward) wave vector direction represented by thick (thin) line segments.
The short black lines with circles label the direction of the wave vector at
different points (the circles) along the ray paths. Figure 5c, zoom-in of
Figure 5b and provides a clearer view of the obliquely inward propagation in
the low altitude regions labeled by the navy thick line segments. The varia-

tions in the radius, L-shell and wave normal angles 6, of the ray paths are shown in Figures 5d-5f, respectively.
Similar to Figure 5b, the thin (thick) line segments in Figures 5d and Se denote the outward (inward) wave normal
direction. The rays can propagate upward from the ionosphere into the inner magnetosphere. Rays launched

within 10° of the equator can only propagate up to a limited altitude (corresponding to L ~ 1.5) and then refract

downward to the Earth, while rays launched at higher latitudes can propagate beyond L ~ 1.5 and continue to

propagate outward after magnetospheric reflection in the Southern Hemisphere when the wave frequency falls
just below the local lower hybrid resonant frequency f; ;. For the rays initialed from higher latitudes, the wave
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Figure 5. (a) The meridional distribution of electron density used for the ray tracing model. (b) The paths of the rays starting from different initial latitudes (denoted by
colors). (¢) Is the zoomed-in view of (b). (d) to (f) are the variations of radial distance (d), L-shell (e), and wave normal angle (f), versus propagation time in seconds,
respectively. The two horizontal dashed lines in (f) denote the wave normal angles of 90° and 180°, respectively. The dashed black lines in (a) represent dipole field lines
at L = 1.1, 1.3 and 1.5, respectively. The thin (thick) lines in (b) to (f) denote the outward (inward) propagation direction. The black short lines with circles in (b) and
(c) label the directions of the wave normal vectors. The colored hollow circles in (f) label the region with altitude <10°.

normals initially point inward at the high latitude region. This simulated inward propagation can not be verified by
the observation of Van Allen Probes due to the limited inclination of their orbits. As the rays propagate to the low
latitude region, their wave normals become progressively oblique outward near 90°. These rays occupy most of
the equatorial plasmaspheric region with outward wave normals and oblique wave normal polar angles, which is
consistent with the observation of dominant occurrences of oblique and outward k vectors. In contrast, for the rays
starting within ~10° near the equator, the wave normals initially are directed outward and then turn inward,
leading to the confinement of the inward wave normals within <20° of the equatorial region below 1.2R;. The
spatial region of these inward k vectors from the ray tracing simulation coincides with that of the inward
propagating LGW signals observed by Van Allen Probes (Figure 3). This unexpected inward propagation mode is
a consequence of inward refraction by a strong downward density gradient in the topside ionosphere, which is
similar to the ducting effect of the strong inward density gradient at the plasmapause. To demonstrate this, we
overplot the portion of inward propagating rays (thick lines in Figure 5b) onto Figure 5a. One can observe that the
region of inward propagation coincides with the topside ionosphere with a strong density gradient (plasma density
varying from ~10° to ~10* ¢m™ from 300 km to 1,300 km in altitude). Therefore, both the inward and outward
oblique propagations are mostly a result of the nonducted propagation mode. A special case is that some LGWs
with very oblique wave normal angles near the Gendrin angle can also be ducted by the plasma troughs
(Helliwell, 1965).

Besides verifying the occurrence of the inward propagation of the LGW signals in the very low altitude region, we
also compare the wave normal angles in the equatorial plasmasphere region between the ray tracing simulation
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and our observation results. We label the wave normal angles in the region with latitude <10° as the hollow circles
in Figure 5f. The values of the wave normal angles range from nearly parallel to very oblique in the low L-shell
region (L < 3) and become more parallel in the high L-shell region (the red lines), which are consistent with the
statistical results from the observations. Moreover, the MR whistlers are also reproduced by the ray tracing
simulation. The rays with cyan and green colors propagate from the North Hemisphere to the South Hemisphere
and then reflect back to the North Hemisphere in the low L-shell region. The waver normal angles after the
reflection become very oblique, which coincides with the population of the observed very oblique wave normal
angles associated with the MR whistlers. Moreover, we also checked the ray tracing results of waves with lower
and higher frequencies (2 and 8 kHz). For different frequencies, the ray tracing results do not show much dif-
ference. Thus, we include the ray tracing results of 2 and 8 kHz waves in the supporting information as Figures S2
and S3 in Supporting Information S1.

6. Conclusions and Discussion

In this study, we use approximately 7 years of observations from Van Allen Probes to statistically analyze the
propagation features of lightning-generated whistlers (LGWs) in the inner magnetosphere. We develop an
automatic method to identify the 6-s Van Allen Probes EMFISIS WFR waveform data that contain the LGW
signals and apply the singular value decomposition (SVD) methods to obtain the polarization and propagation
information of the LGW waves. Wave normal direction observations are compared directly against ray tracing
simulations. The main conclusions are summarized as follows.

1. Most LGW signals are more likely to be observed at the nightside within the region of L < 3.

2. Atlarge L (L ~ 4), the dominant propagation type is parallel propagation (ducted propagation mode), while in
the lower L-shell region, most of the propagation becomes oblique (nonducted propagation mode), with
dominant azimuthal direction being outward.

3. An unexpected population of obliquely inward propagating LGW signals is observed. The inward propagating
LGW waves are confined at very low altitudes (<0.2Ry) near the equator.

4. Our ray tracing simulation not only accounts for the dominant outward signals in the plasmasphere, but also
confirms the existence of inward propagating signals confined at region with altitude <0.2Rj. The inward
signals are attributed to the refraction associated with a downward density gradient in the topside ionosphere.

Due to the constraint of Van Allen Probes' low inclination orbits, only the LGW waves within 20° of the equator
are available in this work. Within this limited latitude range, the statistical result still shows some latitudinal
variation of the wave normal angle distribution. As shown in Figures 3d and 3h, we can see that in the North
Hemisphere, the wave normal direction is more parallel compared to the South Hemisphere. The reason for this
latitudinal variation might be more lightning activities in the North Hemisphere (Némec et al., 2010). The wave
normal angle increases during the propagation and becomes very oblique after crossing the equator. The ARASE
(also known as Exploration of energization and Radiation in Geospace) satellite (Miyoshi et al., 2018), which
orbits at a higher inclination and covers magnetic latitudes up to ~40°, will greatly supplement the current study to
examine the LGW wave propagation characteristics of LGWSs over regions of relatively large latitude. This will be
left as a follow-up study of this paper.

The results in this study are also relevant to the question of whether the LGW propagates in ducted or non-
ducted modes in the inner magnetosphere. The dominant occurrence of LGW waves with radially outward
propagation is a signature of nonducted propagation. Even a secondary group of inward propagations at low
altitudes can be explained by nonducted propagation mode. Understanding the distribution of the LGW's wave
normal direction can help improve the evaluation of the electron loss in the inner magnetosphere, which will
expand our knowledge about the link between near-ground atmospheric activity and the radiation environment
in space.

Data Availability Statement

The data of Van Allen Probes used in this paper were provided by the Space Physics Data Facility (SPDF) https://
spdf.gsfc.nasa.gov/pub/data/rbsp/.
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