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An Investigation of Lightning-Generated Whistler Waves in the Inner Magnetosphere

Hao Zheng

Chair of the Supervisory Committee:
Professor Robert Holzworth
Earth and Space Sciences

In this dissertation, we use a new and unique dataset to investigate lightning-generated whistler
waves in the Earth’s inner magnetosphere. Global lightning data and high-resolution waveform
data in the inner magnetosphere are combined to study lightning-generated whistler waves
including source, propagation, and potential scattering effects. Lightning can produce strong
broadband radio waves especially in the very low frequency (VLF) band from 300 Hz to 30 kHz.
A fraction of wave energy leaks into the ionosphere during reflections in the Earth-ionosphere
waveguide and becomes lightning-generated whistler waves. Lightning-generated whistler waves
and energetic electrons are important in the inner magnetosphere dynamics. The recent launch of
the near-equatorial VVan Allen Probes provides a great opportunity to observe and study

lightning-generated whistler waves. During the conjunction work between World Wide



Lightning Location Network (WWLLN) and Van Allen Probes, we successfully predict the
occurrence of lightning-generated whistler waves near the geomagnetic equator at low L-shells
(L < 3) with a rate of ~80%. About 22.6% of whistler waves observed by Van Allen Probes
correspond to possible source lightning in the WWLLN data, which agrees with the detection
efficiency of WWLLN. About 40.1% additional whistler waves observed by Van Allen Probes
may be related with WWLLN lightning if the source region is extended from 2000 km to the
global area. The far-field radiated energy of lightning may not be the dominant factor for the
appearance of lightning-generated whistler waves if it is larger than 100 J. By using the high-
resolution waveform data from Van Allen Probes, we can study the possible pitch angle
scattering process in both ducted whistler wave and non-ducted whistler wave events. Diffusion
coefficients calculated from the high-resolution waveform data show that strong lightning-
generated whistler waves may be important for scattering electrons with energies around 100
keV. Ducted whistler waves may be more effective in pitch angle scattering than non-ducted
whistler waves due to smaller wave normal angles. The work in this dissertation shows the
possibility to simulate the electron precipitation caused by lighting-generated whistler waves in

individual cases.
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Chapter 1. INTRODUCTION

Magnetosphere is the region around a planet dominated by the planet’s magnetic field. The shape
of the Earth’s magnetosphere is the direct result of being blasted by solar wind. The Earth’s inner
magnetosphere is the region with nearly dipolar magnetic field, which usually points to the region
within 8 Re (radius of Earth) to the center of the Earth at night side. There are two important parts
inside the inner magnetosphere, which are separated by plasma energies, not the locations. First is
the plasmasphere, which has dense and cold plasma. The other part is called radiation belts, where
the energetic particles are located. This is a brief introduction of the Earth’s inner magnetosphere.
In the following sections, we will specifically explain the magnetosphere, the radiation belts, basic
motions of charged particles, important plasma waves and the wave-particle interactions in the

inner magnetosphere.

1.1 THE EARTH’S MAGNETOSPHERE

The solar wind plasma cannot easily penetrate the Earth’s magnetic field but is mostly deflected
around it. As explained in Baumjohann and Treumann [1997], the interplanetary magnetic field
lines cannot penetrate the Earth’s field lines. The boundary separating the two different regions is
called magnetopause. And the cavity generated by the Earth’s field has been named
magnetosphere. At the dayside, solar wind compresses the field to about 10 Rg, while the nightside
magnetic field is stretched out into a long magnetotail to > 60 Re. The structure of the Earth’s
magnetosphere and some related regions are shown in Figure 1.1.

The plasmasphere is a region consisting of dense (~10 cm™®) but low energy (<1 eV) plasma
(light blue region in Figurel.l). It is located above the ionosphere and within the region called

plasmapause, which is defined by an order of magnitude drop in plasma density. The plasmapause
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was discovered by Carpenter [1963] from the analysis of the VLF whistler wave data. The
plasmasphere is also treated as the separation of corotating plasma and the convecting plasma in
the inner magnetosphere.

Besides cold plasma in the plasmasphere, there are also energetic particles which are trapped
by the Earth’s magnetic field and form the radiation belts (red dot region in Figure 1.1). The hot
particles consist electron and protons with energies higher than 30 keV, which may be harmful for
the spacecrafts and astronauts in this region.

The dominant component of the Earth’s magnetic field is a nearly dipolar field in the inner
magnetosphere. The geometry can be explained by a formula of » = Rcos?A, where r is the
distance to the center of the Earth, R is the equatorial distance of the same magnetic field line to
the center of the Earth, and A is the latitude. In this work, we only focus on the region in the inner

magnetosphere and a dipolar magnetic field model is used if not specifically pointed out.

1.2 THE RADIATION BELTS

The existence of the radiation belts is firstly confirmed by Explorer 1 and Explorer 3 in early 1958
under James Van Allen [Van Allen and Frank, 1959], and as a result, Earth’s belts are also known
as the Van Allen Belts. From the observations of energetic electron flux, it is indicated that the
Earth’s radiation belts are located at two distinct zones separated by a region of depleted flux called
slot [e.g., Horne et al., 2003]. The structure of the inner zone tends to be relatively stable between
L =1.2 -2 (L is the equatorial distance of the magnetic field line to the center of the Earth, in the
unit of Re). The outer zone is highly dynamic between L = 3 — 8 [Millan and Thorne, 2007]. The
separation of inner and outer radiation belt is generally based on electron flux. For proton flux,
there is only one peak in the inner radiation belt. The energetic particles are trapped stably in the

radiation belts by the magnetic field. At low altitude, collisions between trapped particles and
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atmospheric particles is the main loss mechanism of radiation belt particles. Energetic particles
may also be lost at magnetopause due to the variation of solar wind conditions. The source of
radiation belt particles is still under study. One major source of high-energy particles of the inner
radiation belt is secondary particles from cosmic rays. The main source of outer radiation belt
particles seems to be the solar wind, but the pathways by which this energy is transported and

distributed in the magnetosphere are not yet completely clear.

1.3 THE SIGNIFICANCE OF RADIATION BELTS RESEARCH

The study of radiation belts especially the outer radiation belt is important. There are many
satellites working in this region, for example, the geostationary orbit is located at ~6.6 Re and the
GPS satellite orbit is located at ~4.2 Re. Other spacecrafts like deep space exploration spacecraft
or moon-landing, mars-landing spacecrafts all need to pass through this region to their destinations.
Figure 1.2 shows several types of space environment hazards caused by energetic particles, which
may affect the spacecrafts by internal charging, surface charging and single event. As explained
in Meredith et al., [2016], relativistic electrons, which are also called “killer” electrons, can
penetrate spacecraft shielding and may stack in the insulators and conductors. This charge can
accumulate over time and generate high electric fields which may lead to an internal discharge and
damage satellite components. Single Event Effects are caused by a single, energetic particle
(usually a high energy proton). They can be soft errors like Single Event Upsets, which are non-
destructive but provide wrong signals, or hard errors like Single Event Latch-up, which must be
cleared by a power reset. The high energy particles may also be harmful for astronauts. The major
goal of NASA’s Space Radiation Program Element is to develop the knowledge to accurately
predict and efficiently manage the radiation risk of human flight. The ionizing radiation depositing

energy in living bodies can cause structural damage to DNA and change cellular processes.



1.4 PARTICLE MOTIONS

The dynamics of charged particles in the inner magnetosphere are controlled by magnetic field (B)
and electric field (E). In general, the motion of particles can be described by the momentum
equation:

d
d—i):q(E+va), (1.1)

where p = ymyv is the particle momentum, q is the charge of the particle, m, is the rest mass, v
is the particle velocity, E is the electric field, B is the magnetic field and y is the Lorentz factor,
which is used for relativistic electrons. Figure 1.3 shows that there are three basic motions when a
charged particle is moving in the Earth’s magnetic field over three different timescales [Walt,
1994]: fast gyration around the magnetic field line with a period of about millisecond; bounce
motion along the magnetic field line between mirror points at northern and southern hemisphere
with a period of about second; drift motion around the Earth with a period of 1 — 10 minutes. There

are three adiabatic invariants associated with each type of motions:

K= 2B
b
] = J mv”ds, (1 2)

If the outside perturbations or variations are much slower than the timescales, the adiabatic
invariants are treated as conserved. The first adiabatic invariant is i, which is also called magnetic
moment. The second adiabatic invariant is J, which is also called longitudinal invariant. The last
one is @, which is the total magnetic flux enclosed by a drift surface. The pitch angle (PA) is the

angle of a charged particle between the particle’s velocity vector and the local magnetic field. It is



5

definedas @ = tan~!(v, /v,). Based on that, we can change the first adiabatic equation to another
form:

sin?(ap) _ By (1.3)
sin?(a,,) By’ '

v, = v cosa, v, = vsina,
where B, is the equatorial magnetic field strength, B,,, is the maximum magnetic field strength (it
can be any point of the same magnetic field line), a, is the equatorial pitch angle of the particle
and a,,,will be 90=at maximum (or the pitch angle of the particle at the point corresponding to
B,,). When the pitch angle reaches 90< the particle effectively reflects and travels in the opposite
direction along the same field line. In (1.3) it is shown that the position or the altitude of mirror
point is decided by the magnetic field strength and the equatorial pitch angle.

As mentioned in previous section, the main loss mechanism of trapped particles in the inner
magnetosphere is due to the collisions between energetic particles and atmospheric particles. This
happens when the mirror point is lower enough to reach upper atmosphere (usually we use altitude
of 100 km as the lowest mirror point of particles when they can still bounce back). If the mirror
point is higher than 100 km, the particles are stably trapped. If the mirror point is lower than 100
km, the particles will precipitate into the atmosphere and get lost. The altitude of mirror point at
100 km is related to a specific equatorial PA, which we call it loss cone angle. In Figure 1.4, three
types of mirror points are shown to explain the relationship between the mirror point altitude and
the equatorial pitch angle. The particles with larger pitch angle than the loss cone angle at equator
will be stably trapped in the inner magnetosphere, while the particles with smaller pitch angle than
the loss cone angle at equator will precipitate into the atmosphere. In this work, we will discuss

the mechanisms that slightly change the pitch angle of particles from loss cone angle to a smaller

value.



1.5 PITCH ANGLE SCATTERING

Pitch angle scattering, which is also known as pitch angle diffusion, is one of the main processes
by which energetic particles are removed from the inner magnetosphere. In this work, we will
focus on the pitch angle scattering caused by the wave-particle interactions. To be specifically, we
study the interactions between lightning-generated whistlers and energetic particles in the inner
magnetosphere. When the plasma waves and the energetic particles meet some conditions, they
can interact with each other. Through the interactions, the plasma waves can change the
momentum, energy and pitch angles of particles. This condition is what we called resonance

conditions:
Q
(U—k”UH = n? (14)

where o is the wave frequency, k; is the parallel component of wave vector k, v, is the parallel
component of particle velocity vector v, Q is the electron cyclotron frequency, n is the harmonic
number integer (0, 1, #2, ...) and y is the Lorentz factor. During resonance, the pitch angle of
electrons stochastically increases or decreases by the waves, but the gradient of the distribution
function will decrease. An illustration of normal first-order cyclotron resonance between right-

hand circularly polarized waves and electrons is shown in Figure 1.5.

1.6  WHISTLER-MODE WAVES IN THE INNER MAGNETOSPHERE

Resonant scattering by whistler-mode VLF waves is a main loss mechanism for radiation belt
electrons at L > 1.3 [Abel and Thorne, 1998a]. There are three main types of whistler-mode waves
in the inner magnetosphere: hiss wave, chorus wave and lightning-generated whistler wave. Hiss
wave, which is also called plasmaspheric hiss, is frequently observed at a high-density region in

the plasmasphere. The emissions of hiss are incoherent with a wide frequency band between ~50
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Hz to 1 kHz [Li et al., 2013]. The key feature of hiss waves is the structureless and mixed phase
at similar frequency band. There are three main generation sources of hiss waves in the inner
magnetosphere: local generation by electron injections, chorus propagated from the region out of
the plasmapause and mixed lightning-generated whistlers. Hiss waves may cause the loss of
energetic electrons with energies from tens of keV to several MeV in the plasmasphere [Ni et al.,
2013]. Unlike hiss waves, chorus waves are coherent emissions between ~0.1fce and fce. Chorus
waves are usually observed outside of the plasmapause with two types of structure, rising tone and
falling tone. The rising tones usually has a stronger wave amplitude than falling tones [Li et al.,
2011]. Lightning-generated whistler waves (whistler waves or whistlers) are also coherent
emissions. The frequency of terrestrial whistlers is 1 — 30 kHz and in the plasmasphere, the
lightning-generated whistlers have an upper cutoff at local electron plasma frequency and
gyrofrequency. The electron whistlers usually have a structure of falling tone, which means the
high frequency components travel faster than the low frequency components. In this work, we will
focus on lightning-generated whistler waves and their contribution to the pitch angle scattering of
energetic electrons in the inner magnetosphere. In the recent decades, it is shown that some other
types of waves may also be important for energetic electron precipitation in the inner
magnetosphere, like man-made VLF transmissions and electromagnetic ion cyclotron (EMIC)

waves [e.g., Meredith et al., 2003a, Ma et al., 2017].

1.7  LIGHTNING AND LIGHTNING-GENERATED WHISTLER WAVES

Lightning can produce strong broadband radio waves, called “sferics”, which propagate in the
Earth-ionosphere waveguide and are detected thousands of kilometers away from their source. The
strongest waves are in the ELF/VLF bands from 300 Hz to 30 kHz. During propagation in the

Earth-ionosphere waveguide, the ELF/VLF waves reflect many times between the surface of the
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Earth and the ionosphere. Since the ionosphere is not a perfect conductor, a fraction of wave energy
leaks into the ionosphere and propagates upward to the top of ionosphere, and further to the inner
magnetosphere. Figure 1.6 illustrates the process, with black arrows showing different paths in the
Earth-ionosphere waveguide and red arrows showing the upward propagation of lightning-
generated whistler waves (Note that Figure 1.6 is just a cartoon plot. The direction of lightning-
generated whistler waves won’t be vertical upward in the ionosphere until multiple refractions due
to the Snell’s law). It is also shown in this figure that there are multiple entry points for lightning-
generated whistler waves to the ionosphere at reflections.

Lightning-generated whistler is a right-handed circularly polarized wave. The dispersion
relation of electromagnetic wave propagating in the cold magnetized plasma can be explained by

Appleton-Hartree equation:

5 X
nc=1- ] , j \ 1’ (1'5)
_ Y2sin“6 Y*sin*6 2 2]2
1 2(1—X)i 2(1_)()2+Y cos<0
X=wz§e Y=|wce|
w?’ w

where n is the refractive index, w,. is the electron cyclotron frequency, w,, is the electron plasma
frequency and w is the wave frequency. For lightning-generated whistler waves in the inner
magnetosphere, the approximation of X > 1 is applied on (1.5), and we can get

X Whe
- =1- . (1.6)
1—YcosHO W(Ww — weec050)

n“=1

Based on (1.6), we can also calculate the group velocity of lightning-generated whistler waves

when w < wee,

(1.7)
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From the group velocity formula, we can find that when frequency is low, the high frequency

component has a higher group velocity which agrees with the falling tone structure.

1.8 ELECTRON PRECIPITATION CAUSED BY LIGHTING-GENERATED WHISTLER

WAVES

Figure 1.7 illustrates the basic physics processes how lightning-generated whistler waves can cause
the precipitation of energetic electrons. 1) A lightning discharge produce broadband radiation
especially in VLF frequency range. 2) A fraction of energy from VLF waves leaks into the inner
magnetosphere as whistler waves, which propagate along (or in some angles) with magnetic field
to the magnetic equator. 3) Whistler waves can effectively interact with energetic electrons in the
radiation belts when the resonance conditions meet, which leads to the pitch angle scattering of
electrons. 4) The new mirror point of electrons is too low, so the electrons collide with atmospheric
particles and precipitate into the atmosphere. This phenomenon, which is named Lightning-
induced Electron Precipitation (LEP), was firstly discovered using in situ rocket measurements
[e.g., Rycroft, 1973, Goldburg et al., 1985]. LEP is a known troposphere-to-magnetosphere
coupling mechanism. The first satellite measurements of LEP events was reported by Voss et al.,
[1984]. As shown in Figure 1.8, multiple electron flux bursts are observed at several hundred
kilometers altitude, with almost simultaneous existence of whistler waves. In the LEP events, the
particles precipitate during the initial bounce path after the wave-particle interactions, so we say
that the pitch angle of particles drops into the bounce loss cone. Besides the bounce loss cone,
there is another type of loss cone called drift loss cone. Figure 1.9 shows a drift loss cone
precipitation event caused by lightning. The drift loss cone is different with the bounce loss cone

in that the particle doesn’t precipitate within one bounce period after the wave-particle interactions,
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but precipitate within one drift period around the Earth. The reason for that is the South Atlantic
Anomaly (SAA). The particle in the L-shell range of SAA may be temporarily trapped if the pitch
angle is larger than the local bounce loss cone angle but may still precipitate during its eastward

drift when its pitch angle is smaller than the bounce loss cone angle at SAA.

1.9 SUMMARY AND THESIS STRUCTURE

The lightning-generated whistler waves and energetic particles are significant in the inner
magnetosphere dynamics. It is important to investigate the lightning-generated whistler waves
including the lightning source, the propagation from troposphere to magnetosphere, the wave-
particle interactions in the inner magnetosphere and the electron precipitations as a result. In
previous work, there are several limitations of available data, so it is hard to statistically study the
correlations between global lightning and whistler waves in the inner magnetosphere. The
limitations usually come from two parts, data of lightning and data of whistler waves. Lightning
data is usually limited by the resolution or coverage. For example, lightning data may only be
available at some local regions or globally but with only a low resolution. In this thesis, we will
use the lightning data from World Wide Lightning Location Network (WWLLN), which is a long-
range network capable of locating global lightning strokes in space and time. WWLLN is capable
to locate lightning to within a few kilometers and ten microseconds and also provide a far-field
energy from the detected strokes in the 6 — 18 kHz band. The other limitation comes from the
satellite measurements of whistler waves in the inner magnetosphere. In previous research, the
lightning-generated whistler waves are usually studied at hundreds of kilometer altitude, like
DEMETER satellite. CRRES may be the only satellite specifically designed for radiation belts

research in the past. There are a lot of studies on long time scale plasma waves based on CRRES
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data. But the data may not be accurate for lightning-generated whistler waves due to low time
resolution. Lightning-generated whistler waves usually have a time scale within second, so it is
required to have a high sample rate in the data. In this thesis, we will use the most recent data from
Van Allen Probes (RBSP), which are designed to understand the dynamics in the Earth’s radiation
belts.

The burst mode data obtained with a high sampling rate from Van Allen Probes can be a
powerful tool to study detailed changes in the radiation belts. By using the data from WWLLN
and Van Allen Probes, we will study the propagation of lightning-generated whistler waves and
the related pitch angle scattering processes. The results of this thesis are based on previous studies
but working on totally new data sets and they can show a new view or path to understand the
dynamics of lightning-generate whistler waves in the inner magnetosphere. In Chapter One, we
introduce background information, previous understandings and the reason of our research. In
Chapter Two, we will show the statistical results of one-to-one coincidence between lightning and
lightning-generated whistler waves observed in the inner magnetosphere. In Chapter Three, we
will focus on two events to study pitch angle scattering processes related with two types of
lightning-generated whistler waves. In Chapter Four, we will summarize the results in this thesis

and also provide some suggestions for future work.
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Figure 1.1. Schematic of the Earth’s magnetosphere, with principal particle regions [Rice
Space Institute Server, adapted from T. W. Hill].
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Chapter 2. A STATISTICAL STUDY OF WHISTLER WAVES

OBSERVED BY VAN ALLEN PROBES (RBSP)
AND LIGHTNING DETECTED BY WWLLN

This chapter is published as:

Zheng, H., R. H. Holzworth, J. B. Brundell, A. R. Jacobson, J. R. Wygant, G. B. Hospodarsky, F.
S. Mozer, and J. Bonnell (2016), A statistical study of whistler waves observed by Van Allen Probes
(RBSP) and lightning detected by WWLLN, J. Geophys. Res. Space Physics, 121, 2067—-2079,

doi:10.1002/2015JA022010.

2.1 INTRODUCTION

Previous observations of energetic electron flux indicate that the Earth’s radiation belts are
distributed in two distinct zones separated by a region of depleted flux called the slot [e.g., Horne
et al., 2003, Figure 2]. The structure of the inner zone (L < 2) tends to be relatively stable, in
comparison to the outer zone (L > 3), which is highly dynamic [Millan and Thorne, 2007]. Over
the past few decades, it has been shown that this difference is primarily related to the source and
loss mechanisms that control radiation belt electrons. It is believed that in the inner magnetosphere,
pitch angle scattering (including both Coulomb collisions and resonant scattering by whistler-
mode waves) controls the loss of energetic electrons [Abel and Thorne, 1998a, 1998b]. Coulomb
collisions with atmospheric constituents are the dominant loss process for energetic electron (E
>100 keV) inside L = 1.3 [Walt and MacDonald, 1964; Abel and Thorne, 1998a]. Above L = 1.3,
the long-term energetic electron population is largely controlled by whistler mode waves,
including plasmaspheric hiss, lightning-generated whistlers, and man-made transmitter signals.

The calculations in Abel and Thorne [1998a] suggest that all three types of whistler mode waves
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may play important roles in the loss of energetic electrons, but different types of whistler mode
waves may interact with different electron energies and be dominant at different L shells.
Specifically, the lightning-generated whistlers, which are the concern of this work, are suggested
to become important at L = 2.0, provide the dominant scattering process at L = 2.4 and still make
a contribution at L = 3.2 [Abel and Thorne, 1998a]. Recent studies have also shown that whistler
mode chorus wave can provide local acceleration of energetic electrons by efficient energy
diffusion in the outer radiation belts [e.g., Summers et al., 2002; Meredith et al., 2003b; Li et al.,
2014]. It has also been shown that intense whistler mode chorus emission may cause microburst
electron precipitation into the atmosphere [Thorne et al., 2005].

Previous studies have shown that whistlers play an important role in the dynamics of the
radiation belts and are partly responsible for the loss of the energetic electrons [e.g., Dungey, 1963;
Voss et al., 1984, 1998; Abel and Thorne, 1998a, 1998b; Lauben et al., 2001; Rodger et al., 2004;
Millan and Thorne, 2007; Meredith et al., 2009]. Pitch angle scattering of energetic VVan Allen belt
electrons by whistlers can result in the precipitation of these electrons into the atmosphere
[Dungey, 1963]. Lightning-induced electron precipitation (LEP) from the Earth’s radiation belts,
caused by whistler wave-particle interaction, is a known troposphere-to-magnetosphere coupling
mechanism. The first satellite measurements of LEP events were obtained as a result of the SEEP
experiment on S81-1 satellite [Voss et al., 1984]. By using the same data, Voss et al. [1998] found
that a single LEP burst (1073 erg s™* cm™2) in the slot region is estimated to deplete ~0.001% of the
particles in the region. Whistlers can be important for pitch angle diffusion of 100 — 250 keV
electrons in the 2 < L < 3 range [Voss et al., 1998]. Rodger et al. [2004] provide evidence for the
relative significance of the electron losses driven by whistler-induced electron precipitation and

that caused by VLF transmitters. Magnetospherically reflected whistlers generated by lightning
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are also considered to be a source of plasmaspheric hiss [Sonwalkar and Inan, 1989]. By using
ray-tracing simulations, it was shown that whistlers produced by a single lightning flash, but
entering the magnetosphere at different points, can form a continuous hiss-like signal at a fixed
point [Draganov et al., 1992]. The analysis of DE-1 and IMAGE data showed that the geographic
distribution of hiss over the ~500 Hz to ~3 kHz frequency range is similar to the geographic
distribution of lightning strokes [Green et al., 2005]. Similar results are shown in the analysis of
CRRES data for the plasmaspheric hiss at higher frequencies f > 2 kHz [Meredith et al., 2006].

Plasmaspheric electron densities are an important and fundamental parameter in the dynamics
of Earth’s radiation belts. The propagation of whistlers in the plasmasphere is strongly connected
with cold electron density. Whistler data from ground-based stations were used to identify the
large-scale electron-density irregularities in the plasmasphere [Park and Carpenter, 1970] and also
to present a statistical study of equatorial plasmaspheric electron density and associated flux tube
electron content [Park et al., 1978]. Understanding the link between lightning activities and
whistler observations on satellites may assist in estimating of plasmaspheric electron densities and
testing of magnetospheric models of electron density and energy distribution [Liemohn and Scarf,
1964].

The broadband radio waves produced by lightning discharge, called “sferics,” can propagate
in the Earth-ionosphere waveguide and be detected thousands of kilometers away from the source.
A portion of the sferics can penetrate into the ionosphere, coupling with the whistler mode in the
very low frequency (VLF) band, and travel upward obliquely within tens of degrees along the
geomagnetic field line [Helliwell, 1965]. The source and the destination of lightning-generated
whistlers have been studied for years. Early in situ rocket-borne measurements demonstrated the

one-to-one connection between whistlers observed in the upper atmosphere/ionosphere and
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individual lightning strokes from specific thunderstorms within 1000 — 2000 km [e.g., Holzworth
et al., 1985, 1999; Kelley et al., 1990; Li et al., 1991]. SCATHA satellite VLF data indicated that
whistlers are rarely detected near the magnetic equator across the L shells of L = 5.5 —9.0 [Koons,
1985]. The apparent scarcity of whistlers near geostationary altitude as covered by the SCATHA
satellite, suggests that there may be few if any propagation paths from the Earth-ionosphere
waveguide to the outer regions of magnetosphere. But it also may indicate that VVLF spectral data
are not always investigated with high enough time resolution to easily detect lightning whistlers.
Gurnett and Inan [1988] examined the data from the DE spacecraft and discovered several
lightning whistlers up to 15 kHz or even 25 kHz at L < 4 [Gurnett and Inan, 1988, Figures 21—
23]. Holzworth et al. [1999] used a global three-dimensional two-fluid code to investigate the
propagation of whistlers at 0.5, 1, and 2.0 kHz into the high-latitude magnetosphere. The results
show that with southward interplanetary magnetic field, the energy of whistlers which start from
magnetic latitude above 70 “can propagate to near magnetopause or high-altitude magnetosphere.
In recent decades, localized and global ground lightning detection networks have been gradually
improving, which has proven critical in linking whistlers to their source lightning strokes. Santol K
et al. [2009] analyzed three lightning strokes detected by METEORAGE, sferics received by
Nanqy station, and the corresponding whistlers observed by the DEMETER satellite at 707 km
altitude. The electric field data and optical flashes measurements on the C/NOFS satellite were
used with simultaneous global lightning location information from WWLLN in Holzworth et al.
[2011] to show that whistlers have abundant access to the ionosphere, even close to the magnetic
equator. Both papers showed that the one-to-one coincidence between whistler waves observed at
LEO and individual lightning strokes and the penetration into the topside ionosphere occurs at

nearly vertical wave vector angles due to the gradient of electron density. Fiser et al. [2010] used
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two reference samples to automatically detect the fractional hop whistlers on the DEMETER
satellite. A local lightning detection network in Europe was used to match the lightning and
whistler data. They found that the amplitudes of whistlers decrease monotonically with horizontal
distance up to ~1000 km from the source lightning and the amplitude of whistlers are stronger at
nighttime than during the daytime. In this paper, we will explore the connection between lightning
sferics and whistlers by using data from the VVan Allen Probes (formerly known as the Radiation
Belt Storm Probes (RBSP)) and World Wide Lightning Location Network (WWLLN). The high-
resolution waveform data obtained near the geomagnetic equator provide a wider area coverage in
the inner magnetosphere than LEO satellites like DEMETER. Global lightning data, including the
location, time, and energy for every individual stroke, are simultaneously collected in the
conjunction periods. One-to-one coincidences between whistlers observed by RBSP and lightning

strokes detected by WWLLN are explored in this work.

2.2 RBSP AND WWLLN

The RBSP satellites were launched in August 2012 into a near-equatorial orbit with 10 <inclination,
apogee altitude of 30,050 — 31,250 km (~5.8 Re from the center of the Earth) and perigee altitude
of 500 — 675 km [Stratton et al., 2013]. These constraints place the satellites in orbits that cut
through both the inner and outer radiation belts. After launch the satellites were officially renamed
to the Van Allen Probes. The fundamental purpose of the RBSP mission is to provide a better
understanding of the processes that drive changes within the Earth’s radiation belts. The Electric
Field and Waves (EFW) instrument [Wygant et al., 2013] on the RBSP can provide both 3-D
electric field and 3-D magnetic field waveform data. The burst mode data we used in this work
have a sampling rate of 16.4 ksamples s*. Another instrument called RBSP-EMFISIS (The

Electric and Magnetic Field Instrument Suite and Integrated Science) [Kletzing et al., 2013] can
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also provide 3-D electric and magnetic field waveform data with a sampling rate of 35 ksamples
s1in 6 s blocks. The burst mode of EMFISIS can be trigged automatically or manually.

WWLLN is a global very low frequency lightning-location system using the time-of-group-
arrival (TOGA) technique [Dowden et al., 2002]. It can detect both cloud-to-ground (CG) and
intracloud (IC) lightnings, but the type of lightning is not distinguished in the data. At present,
WWLLN includes over 70 participating stations. This network improves in accuracy and detection
efficiency with increased number of stations. The number of lightning strokes located increased
from 10.6 million to 28.1 million (~165%) when the number of WWLLN stations increased from
11in 2003 to 30 in 2007 [Rodger et al., 2009]. As of 2011 the network had an estimated detection
efficiency of about 11% for CG lightning over the continental United States, and the number can
increase to >30% for higher peak current lightning [Hutchins et al., 2012]. Knowledge of
individual stroke locations, with high temporal and spatial accuracy, is very helpful for studying
VLF energy radiation and the global electric circuit [e.g., Hutchins et al., 2013, 2014].

This paper presents data collected during two periods of conjunction work, from July to
September 2013 and from March to April 2014, during which we were able to collect specific
burst mode RBSP data. The conjunction work of 2013 between WWLLN and RBSP began on 1
July 2013 and ended on 15 September 2013. The following study period started on 15 March 2014
and ended on 30 April 2014. For each day of the two time periods, a prediction was computed in
advance, to determine the best times to collect the broadband wave data. Burst mode sampling was
conducted during the predicted time for each satellite. In addition to the statistical study conducted
in this work, we also provide some examples from other burst mode sampling intervals when high

L shell whistlers were seen.
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2.2.1  Prediction
Due to the limit of data storage onboard and in agreement with the RBSP instrument team, the
burst mode for this lightning study at 16.4 ksamples/s on RBSP-EFW was limited to 10 min per
day per satellite (in 2014, only RBSP-B was available for the data collection). Additionally, due
to data download limitations, everyday we had to select 3 or 4 min out of the 10 min stored
broadband data, which were then downloaded. In order to predict the best 10 min/d to collect high
sampling rate burst mode data on RBSP satellites, we traced the satellite magnetic footpoints over
a lightning occurrence map. The footpoints data were calculated at an altitude of 100 km using the
T89c¢ magnetic field model developed by Tsyganenko [1989] and is provided by the SSC 4D Orbit
Viewer from NASA (http://sscweb.gsfc.nasa.gov/tipsod/). This lightning occurrence map is
composed of all global WWLLN lightning data from the same date in the last 3 years (2010 —
2012). That is, we used 3 weeks of data, 1week from each of the last 3 years, centered at the day
of the year for which we want a prediction. This map therefore had global lightning data from 21
days. We then used the predicted satellite ephemeris with 1 min time resolution to identify the
magnetic field footpoints in both Northern and Southern Hemispheres. From previous research
[Santol k et al., 2009; Fiser et al., 2010; Holzworth et al., 2011], we know that the entry point of
whistlers into the ionosphere can be thousands of kilometers away from the source lightning. In
our work, a source area of 20°>20<°box was used in the prediction instead of a circle with ~1000
km radius in order to get a faster calculation in the program. Although the area of 20°><20<box
is not the same at different latitudes, the predicted peaks will not change significantly because the
results are dominated by the variance of lightning occurrence rate at different latitudes. In our
prediction, for every 1 min footpoint location, we summed all lightning strokes within the 20 <>

20<°box centered at the footpoint. This gave us a 1 min resolution prediction of possible strokes at
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the magnetic footpoint for the whole day. Figures 2.1a and 2.1b show the prediction results for
RBSP-A and RBSP-B on 17 July 2013 as an example. The blue lines represent the prediction result
using WWLLN data from 2010 to 2012 and the red lines represent the real lightning number in
the same footpoint box using actual WWLLN data on 17 July 2013. The time difference between
prediction peak and actual peak is within 5 min for both satellites. If this example is true in general,
it would suggest that if we set a time period with 25 min centered at the predicted peak time, there
should be lightning strokes detected around the footpoints within the predicted 10 min. The
conjunction work between WWLLN and RBSP started in July 2013 after the prediction test for
the whole month of June was finished. For RBSP-A and RBSP-B, 93.3% and 96.7% of daily time
shifts between actual peak and prediction peak are within 5 min. Even on days when the time
difference between the actual and predicted peaks is larger than 5 min, there are still many
lightning strokes detected during the predicted 10 min period. After the RBSP burst mode sampling
on the satellites was finished, we checked the actual WWLLN lightning stroke numbers detected
within the 20°>=20<°box for every 1 min footpoint location and selected the best 3 — 4 min to

download everyday.

2.2.2 Dechirping

Figure 2.2 shows a 1s spectrogram and waveform plot of the RBSP-A observation on 17 July 2013
during 18:27:20.5 —18:27:21.5 UT period. Figure 2.2a shows the power spectral density (PSD) of
Bu component (UVW coordinate system is the spacecraft coordinate system, where the W axis is
the spin axis and is orthogonal to U and V axis). In Figure 2.2a, at least five intense whistler events
are detected and identified by numbered oblique arrows. There are also some weak events shown
as unnumbered vertical arrows in Figure 2.2a. The original waveform data of Bu is shown in Figure

2.2c. Figure 2.2e shows the lightning strokes detected by WWLLN in the 20°>=20<box centered
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at the footpoint. The lightning strokes detected in the first half second are shown as dashed vertical
lines in Figures 2.2a — 2.2d. From the original data (Figures 2.2a and 2.2c), it is difficult to
determine whether there is an actual one-to-one coincidence between the lightning detected by
WWLLN and whistlers observed by RBSP-A or if they are actually unrelated events that happened

to be observed simultaneously. In the ionosphere at low latitude and midlatitudes, the time delay

of a whistler approximately varies as D/\/7, where f is the wave frequency and D is the dispersion
constant. Jacobson et al. [2011] developed an automated algorithm called “dechirping” for
recognizing and selecting the signatures of electron whistlers observed on C/NOFS satellite. Here
we employ this method to identify the best dispersion constant between 0 and 400 in each analysis
window (detailed definition described in Jacobson et al., 2011, section 4.1 and equation (1)). In
the final step, we shift different frequency parts of waveform back to the arrival time by using the
best fit to D/ﬁ for each time interval. Figures 2.2b and 2.2d are the dechirped results for the data
in Figures 2.2a and 2.2c. In Figure 2.2b, the whistlers detected in Figure 2.2a have been corrected
for the time delay and are no longer dispersed. Instead, the whistler energy is now sharpened in
the vertical red bars between 1 kHz and 8 kHz. In order to reduce the contribution of noise below
the waveguide cutoff and alias effects around the Nyquist frequency, low (1 kHz) and high (8 kHz)
cutoff frequencies were applied before the dechirping process. After the dechirping process, the
vertical dashed lines (WWLLN lightning time) and vertical red bars (dechirped whistler time) are
located quite close in time. The dechirping method enables us to identify even low-intensity
whistlers from background noise. The two weak signals in Figure 2.2a (vertical arrows) become
much more prominent in Figure 2.2b (also vertical arrows). The dechirping process also makes it
possible to identify overlapping whistlers. Using the Number 3 whistler in Figure 2.2a as an

example, we see it contains two to three whistler traces observed at almost the same time. In Figure
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2.2d, the number 3 event clearly resolves as several independent dechirped whistler packets which
are shown in the dechirped waveform. Considering the leftward migration of signal energy in the
dechirping, a 50% overlap between the time windows was applied. We only compared the
lightning strokes and dechirped peaks in the first half second because the dechirped peak near the
end of the observation window may not be accurate since only the high-frequency packet of
whistler waveform underwent the dechirping process. In Figure 2.2, all six lightning strokes (in
first 0.5 s) detected in the 20=>20<box centered at the footpoints correspond to whistler signals
observed by RBSP-A. The correspondence between Number 5 whistler and WWLLN lightning
stroke is also good and can be identified in the next time window. There is still a small time-
difference between the dechirped waveform peak and WWLLN lightning time because we have

not yet accounted for the propagation time.

2.2.3 Propagation Model

WWLLN provides lightning stroke location with better than 15 ps temporal accuracy and 10 km
spatial accuracy [Jacobson et al., 2006]. We assume that the VLF sferics generated from lightning
strokes propagate in the Earth-ionosphere waveguide to the footpoint of satellites with a speed
slightly less than ¢ [Dowden et al., 2002] (where c is the speed of light in a vacuum). Near the
footpoint they couple with the plasma and propagates obliquely along the geomagnetic field to the
RBSP satellites according to the oblique whistler dispersion relation. This type of propagation
process has been used extensively in previous work [e.g., Holzworth et al., 1999; Jacobson et al.,
2011]. It is based on the quasi-longitudinal approximation to the Appleton-Hartree dispersion
relation [Helliwell, 1965].

To compare the WWLLN lightning stroke time with the dechirped peak time from RBSP, we

subtract two terms from the dechirped peak time. The first is the speed of light propagation time
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along the geomagnetic field line from the footpoint to the satellites. Here we used IGRF-11 model
in the Geopack DLM to trace the geomagnetic field and calculated the length of the geomagnetic
field line. The second term is the propagation time in the Earth-ionosphere waveguide from
WWLLN lightning stroke to the footpoint of RBSP satellites. After subtracting the two terms on
the dechirped peak time, the whistler is effectively transported back to the possible candidate of

source lightning. We call it the “corrected” dechirped peak time in this paper.

224 One-to-One Coincidence Between WWLLN and RBSP

The goal of this paper is to find possible one-to-one coincidences between lightning and whistlers
by comparing the WWLLN lightning time and corrected dechirped peak time from RBSP. For all
the continuous burst mode data, we divided Bu component into several analysis windows. Each
window includes 16,384 samples (1 s) and 50% overlapping (8196 samples). Every 1 s window
was then extended to a 2 s window by adding another 16,384 empty data just before the Bu data,
in order to leave enough space for the leftward migration of the signal during the dechirping
process. Every new 2 s window was fed into the dechirping process, and all dechirped peaks
between 1 s and 1.5 s were saved for later analysis except for the first and last window (the
dechirped peaks of first and last window were searched from 0 s to 1.5 s and from 1 s to 2 s,
respectively). Once there was at least one dechirped peak found in the analysis window, we loaded
the WWLLN lightning data detected in the same 2 s analysis window as the source candidates for
the dechirped peaks. At the same time, the footpoint with shorter arc distance (spherical distance
between one of the footpoint to lightning location) to each lightning stroke was selected from two
hemispheres and used to correct the dechirped peak. The time differences between source lightning
candidates and corrected dechirped peaks in the same analysis window were calculated, and the

histogram results are shown in Figure 2.3. We have already shown that the time difference between
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WWLLN lightning and dechirped peak is usually a few milliseconds in Figure 2.2, so only time

differences between —100 ms and 100 ms are plotted here. Figure 2.3a shows a histogram of the
time difference between corrected dechirped peak and WWLLN lightning (tcorrected — twwiin) in
1ms bin, for all stroke locations. Figures 2.3b and 2.3c are similar but only include WWLLN stroke
locations within 10,000 km and 2000 km away from the nearest footpoint. In Figures 2.3a — 2.3c,
a clear peak of match numbers is located between -30 ms and 0. There are several possible reasons
for the time difference. The first reason is the uncertainty of the dispersion constant. Take a
whistler observed on 5 August 2013 as an example. In the 236th analysis window with a dispersion
constant of 220.5 s*/2, the dechirped peak was located at 20:00:58.748679. (This peak was located
in the 1.5 s to 2 s of 236th window, so it was not saved here but would be saved in the 237th
window.) While in the 237th analysis window with a dispersion constant of 208.0 s*/2, the same
peak was located at 20:00:58.761069 instead (12.39 ms difference). The second reason is the
uncertainty of two subtracted propagation terms. Waveguide and field line arc lengths are
calculated from models, which also generated errors. Finally, the errors may be introduced by the
propagation model, since it may not work perfectly for all latitudes (L shells).

The maximum absolute value of time difference above the “noise” level between corrected
dechirped peak and its WWLLN source was found to be around 30 ms in Figure 2.3. By using this
number, an automatic one-to-one coincidence search was applied to the whole data set. For every
dechirped peak, we loaded global WWLLN lightning data, corrected the dechirped peak time, and

then found the one-to-one coincidence with time difference from -30 ms to 0.

2.3 STATISTICAL RESULTS

During the conjunction work in 2013, we downloaded 192 min over 65 separate days from RBSP-

A and 192 min over 66 days from RBSP-B. In 2014, we downloaded 221 min over 39 days only
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from RBSP-B. In total, we collected 605 min of data across 170 distinct days for RBSP-A and

RBSP-B. In July 2013, no special selection criteria were used, so the burst mode period was biased
toward the low-latitude region, where lightning is most prevalent. For the highly eccentric RBSP
orbit, low satellite altitude always corresponds to low L shell. Figure 2 in Rodger et al. [2004]
showed that the lightning activity may reach to the high L shell region in the summer of the
Northern Hemisphere. From August 2013 to September 2013, the prediction was changed to focus
on the footpoints region with geographic latitude larger than 40< which is poleward of the regions
with highest lightning activities.

Figure 2.4 shows the L shell coverage of RBSP data used in our work. As mentioned before,
the burst mode sampling period is only requested when it includes the peak number of strokes in
the daily prediction. For July 2013, the best prediction time occurred when the satellites were
conjugate to low-latitude regions where lightning is most prevalent (Figure 2.4a). Thus, during the
first period (July 2013), whistler observations were only made at low L shells. Beginning in August
2013, our focus shifted to the region with geographic latitude larger than 40< In August and
September 2013, the L shell values of satellite footpoints were therefore significantly higher than
in July 2013 (Figure 2.4b). Most of the data in this period were sampled between L = 2 and 3.
There are 780 s (13 min) of data sampled at L > 5 region. In March and April 2014, the L shell
value coverage returned to L < 2.5 due to the seasonal change of global lightning (Figure 2.4c).
Figure 2.4d shows the global coverage of the satellites footpoints when whistlers were observed
by RBSP satellites. All of the dechirped peaks are observed inside of L = 3. The data mainly cover
four regions, with three small portions located at 100°- 130< 170°-220< and 230°- 250 and
a large region located at 310°- 40< These are approximately corresponding to Europe/Africa,

Asian, Oceania, and America, respectively. In Figure 2.4d, the longitude coverage is limited in
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several parts because lightning has a higher occurrence rate on continents than over oceans. Figure
2.4e shows the distribution of lightning strokes that are one-to-one coincident with whistlers
observed by RBSP satellites. Figure 2.4d refers to the L value of the RBSP satellites during
whistlers observation, while Figure 2.4e refers to the L value of the lightning source location. In
Figure 2.4e, the matched lightning strokes show full coverage of all geomagnetic longitudes and
have peak numbers around the same regions of dechirped peaks in Figure 2.4d. There are some
lightning strokes at high L shell, larger than L = 3 in Figure 2.4e, which are the sources of whistlers
observed by RBSP inside of L = 3 in the magnetosphere. This means the distance between
lightning and satellite footpoint may be larger than 1000 — 2000 km, which is consistent with
previous research [e.g., Holzworth et al., 1999].

Table 2.1 shows the statistical results of both RBSP-A and RBSP-B. The total of 605 min data
are divided into three periods: 151 min in July 2013, 233 min in August and September 2013, and
221 min in March and April 2014. Whistlers are observed in 485 min (80.2%) of data, with 140
min (92.7%), 150 min (64.4%), and 195 min (88.2%) in the three periods, respectively. A total
number of 20,986 whistlers are observed by RBSP satellites. The 8308 (39.6%) of them are one-
to-one coincident with WWLLN lightning strokes. Specifically, 2526/5938 (42.5%), 730/2454
(29.7%), and 5052/12,594 (40.1%) of the observed RBSP whistlers are one-to-one coincident with
WWLLN lightning strokes in the three periods. In the 485 min, 206,470 lightning strokes are
detected by WWLLN. Four percent of them are found to be one-to-one coincident with whistlers
observed on RBSP. If we narrow the lightning locations to the area within 2000 km from the
footpoints, there are 38,777 lightning strokes detected in the 485 min, and 15.3% of them are one-

to-one coincident with whistlers observed on RBSP.
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2.4  DISCUSSIONS

As explained in the Section 2.1, previous studies found that whistlers play a significant role in the
dynamics of the radiation belts. But the connection between source lightning strokes and
subsequent whistlers in the magnetosphere has been difficult to study due to lack of simultaneous,
high time resolution waveform and global lightning observations. In this paper we present a new
data set that identifies the source lightning locations for specific whistlers in the inner
magnetosphere with the help of WWLLN and RBSP. Unlike Fiser et al. [2010], the lightning data
used in our work are not simply narrowed to the region near the footpoints of satellites.
Additionally, we do not use reference whistlers to automatically detect whistlers since the
dispersion factor may change at different regions. The final difference between two studies is the
propagation of whistlers. At low altitude, the main propagation process happens in the Earth-
ionosphere waveguide between footpoint and source lightnings. While in the inner magnetosphere,
the whistlers travel a long path along (or within some angles of) field lines till they are observed
by satellites. We did not compare the amplitude of whistlers with horizontal distance or the
amplitude of whistlers between day and night, like what Fiser et al. [2010] did, in this paper. The
propagation model used in this work is quite simple and does not include the various propagation
mechanisms of whistlers in the magnetosphere. Whether whistlers are ducted or non-ducted
remains an outstanding question. Although lightning is considered the only source for whistlers,
the observed one-to-one coincident rate between whistlers and lightning is much less than 100%.
This rate is limited by lightning detection efficiency, the strength of whistlers, and how well we
understand the propagation of whistlers.

In this work, we used the WWLLN lightning location data from 2010 — 2012 to forecast the

lightning activity along the daily trajectory of RBSP footpoints. Then we recorded the 10 min of
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RBSP burst mode data for the time period with peak lightning stroke counts in the 20°>=20<grid

centered at the footpoint. After onboard recording, we were only able to download 3 — 4 min (of
the daily 10 min recording). During the entire 605 min of downloaded data, whistlers are observed
80.2% of the time we predicted, suggesting that satellites should have a high probability of
observing whistlers if their footpoints are located within a few thousand kilometers of an active
thunderstorm. The occurrence of these high lightning activity areas can be predicted by using
archival WWLLN data. We can use the results of this method to predict the occurrence of
lightning-generated whistler waves in the inner magnetosphere and its related phenomena.

In the 485 min of data, 20,986 dechirped peaks are observed by RBSP satellites. 39.6% of
those peaks are one-to-one coincident witha WWLLN lightning stroke. It is obvious that WWLLN
does not detect the source lightning for every whistler observed by RBSP satellites. It is found that
WWLLN only has a 20 — 40% detection efficiency for strong CG lightning (peak current larger
than 55 kA) [Rodger et al., 2009; Abarca et al., 2010], so the possible source lightning may be
missed by WWLLN. A test was also undertaken to evaluate the probability that we might match
whistlers with some noncorresponding lightning due to the high occurrence rate of global
lightning. During the 485 min, 20 random times for every second were set as the “dechirped peaks”
and fed into the same automatic one-to-one coincidence search with WWLLN lightning. The
random match rate is around 16.7%. After subtracting the random match rate, we find that at least
about 22.9% of whistlers correspond to a source lightning stroke detected by WWLLN. This
number is comparable to the detection efficiency of WWLLN for strong lightning.

About 4.0% of WWLLN lightning strokes correspond to the whistlers observed by the RBSP
satellites. Figure 2.5a shows the scatter plot of all the coincident WWLLN lightning strokes with

energy versus arc distance in the waveguide to the nearest satellite footpoint. Figures 2.5b and 2.5¢
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are the histograms of energy and arc distance shown in Figure 2.5a. In Figure 2.5b, we see that the
number of coincident lightning strokes decreases from ~4000 with the increase of arc distance
below 7000 km. Above 7000 km, the number of coincident lightning strokes shows another small
peak of ~200. This phenomenon is also found in the one-to-one coincidence between WWLLN
and C/NOFS data [see Jacobson et al., 2011, Figure 16]. They explained it as an expected behavior
of the spherical-shell effect. In Figure 2.5c, the energy of coincident lightning strokes shows a
peak of 1 —10 kJ. If we only consider the range from 50 J to 500 kJ, the average and median energy
of the coincident lightning strokes are about 7.5 kJ and 2.6 kJ, respectively, while the average and
median energy of all detected lightning strokes are 6.5 kJ and 2.4 kJ, respectively. Hutchins et al.
[2012] showed that the median energy of WWLLN lightning strokes is around 2 kJ after April
2011 (see their Figure 8), which is consistent with our results. In Figure 2.5a, the majority of the
scatter points above ~100 J may suggest that any lightning stroke with energy > 100 J may generate
a whistler strong enough to be detected by the RBSP-EFW. Figure 2.5b shows that the lightning
strokes detected near the footpoints (within 7000 km) have a larger potential to generate a whistler
propagated to the inner magnetosphere. In Table 2.1 the numbers of lightning strokes detected by
WWLLN within 2000 km of footpoints (both Northern and Southern Hemispheres) are shown as
12,699, 6103, and 20,005 respectively. The coincident rate increased from about 4.0% to 15.3% if
the source region was narrowed to within 2000 km of footpoints. If the source regions of whistlers
are extended beyond 2000 km from the footpoints, the coincident whistlers can increase from 5932
to 8308 (40.1%).

Based on the one-to-one coincident match between lightning-generated whistlers and
lightning, we compared the energy of lighting from WWLLN data and Poynting flux calculated

from RBSP data. The measurement along spin axis (w) on EFW is not capable to calculate the
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Poynting flux so we use the EMFISIS data at the same period when it is available. The calculation
of Poynting flux density followed the work in Santol k et al., [2010]. Figure 2.6 showed the scatter
plot for each lightning-whistler pair when EMFISIS data is available. The Poynting flux is
integrated between 1 — 8 kHz with an FFT bin size of 68.36 Hz (35000 Hz/512). In Figure 2.6, it
is shown that there is not a strong linear correlation between lightning energy and whistler
Poynting flux. Most of the points are located at 10° to 10* J, which is near the average energy of
WWLLN lightning as we explained before. We applied a linear fitting (solid) on these data, and
the formula is y = 6829.41 + 20.11 * x (y is the lighting energy and x is the Poynting flux). A
power law fitting is also shown in the figure as dashed curve, and the formula is Ig(y) = 3.36 +
0.13 * Ig(x). It looks like the power law fitting works better than the linear fitting here. From the
fitting results we can find that the propagation of energy from lightning to whistlers in the inner
magnetosphere is still a complicated problem. The main reasons are, first, there can be multiple
entry points for lightning energy to leak into the ionosphere during propagation in the waveguide;
secondly, the channel size of each path for whistlers in the magnetosphere is also unknown.
Sometimes there is a large flux tube (duct) which can reach to 0.5 Re (we have an example in
Chapter 3), but it is not necessary for non-ducted whistlers. However this work showed a
possibility to predict the appearance of lightning-generated whistlers at satellite locations, and we
may be able to provide a Poynting flux estimate based on the fitting equation.

We note that in August and September of 2013, the occurrence rate of one-to-one coincidence
(29.7%) is much lower than in July 2013 (42.5%) or in March and April 2014 (40.1%). One reason
may be that fewer lightning strokes are detected at high latitude in August and September.
Although the arc distance from the possible source lightning to the footpoint varies from 0 to

18,000 km, the match rate of one-to-one coincidence between lightning and whistlers is still
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dominated by lightning near the footpoint especially within 2000 km. Figures 2.4a — 2.4c show

that the L shell coverage of the RBSP data in August and September 2013 is larger than in other
two periods. The occurrence rate of lightning at high latitudes is lower than found at low latitude
and midlatitude [Hutchins et al., 2012], and the number of lightning strokes detected at the
footpoints in August and September 2013 is lower than for the other two periods (Table 2.1).
Another reason may be the failure of finding one-to-one coincidence between lightning and
whistlers at high L shells. In Figure 2.4d, no dechirped peaks are observed above L = 3 during 7
min of data sampling between L = 3 and 3.5 and 13 min of data sampling above L =5 in Figure
2.4b. This could be due to two different situations: (1) no whistlers are observed by RBSP satellites
at high L shells; (2) whistlers are observed by RBSP but do not pass the dechirping process. After
carefully checking the data above L = 3, it was found that no whistlers were observed when L is
larger than 5. Although this is consistent with the work of Koons [1985], we cannot conclusively
state that lightning has no impact at L > 5. There are three possible reasons whistlers may not be
observed above L = 5. First, the magnetic field around the geomagnetic equator is small at high L
shells, so the whistlers would have a low upper cutoff frequency and may be masked by low-
frequency noise or even be reflected before they arrived at the satellites. Second, the amplitude of
whistlers may be not strong enough due to the attenuation. Burkholder et al. [2013] showed that
within the ionosphere, there is an approximately 3 order of magnitude loss of energy from the
footpoint to C/NOFS satellites. Third, the propagation of whistlers at high L shell may not follow
the same magnetic field line, so the lightning-generated whistler waves near the footpoint may not
reach the geomagnetic equator of the same L shell. The propagation of magnetospherically
reflected whistlers is studied by ray trace method [e.g., Bortnik et al., 2002, 2003]. By reviewing

recent EMFISIS data collected during the Northern Hemisphere summer in 2015, we identified
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several lightning-generated whistler waves with upper cutoff frequencies of ~2 kHz observed near
the RBSP apogee (L = 5.797) which may correspond to WWLLN located lightning. It is also found
that in the 7 min data located between L = 3 and 3.5, there were whistlers observed by RBSP but
which failed to pass the dechirping process. This may be due to the fact that the dispersion is
stronger and the whistler waves may no longer be fully displayed in the 1 s window, and the
dispersion constant may also exceed the number we set. At last, nose whistlers may be observed
when L shell is large. Figure 2.7 shows an example of a nose whistler observed by RBSP-A at L
~ 3.88 on 16 July 2014. Lightning near the footpoint is detected at 07:15:38.64 (Figure 2.7c and
the dashed line in Figure 2.7). About 0.9 s later, both EFW and EMFISIS captured the nose whistler
with a nose frequency of about 4.5 kHz and an upper cutoff frequency of about 8 kHz. As shown
in Figures 2.7a and 2.7b EMFISIS provides more information at high frequency (8 — 12 kHz). The
dechirping method used in our work has a band-pass filter of 1 — 8 kHz, which is no longer
appropriate for nose whistlers because the nose frequency is usually lower than 6 kHz or even 4
kHz in the outer magnetosphere [Helliwell, 1965, Figures 4 — 19]. With a better dechirping process
in the future, we can probably get more information about the contribution of lightning to the high

L shell whistlers in the magnetosphere.

2.5 CONCLUSIONS

A study of simultaneous observations of global lightning and whistlers was conducted from July
to September 2013 and from March to April 2014. Global lightning data of the past 3 years from
the WWLLN were used to forecast lightning conditions along the trajectory of RBSP’s magnetic
field footpoints. Ten minutes with the highest lightning probability around the footpoints were
selected for burst mode recording on the satellites. Data were downloaded for short time periods

during 170 days, leading to a total of 605 min of high-resolution waveform which were statistically
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analyzed in this paper. By using this method, lightning-generated whistlers near the magnetic
equator at low L shell regions can be successfully predicted with a rate of 80.2%. This new data
set should prove valuable for the future study of whistler-related phenomena. About 22.6% of the
whistlers observed by the satellites correspond to possible source lightning in the actual WWLLN
data, which closely matched the time and location. This rate also agrees with the detection
efficiency of WWLLN. The source regions of whistlers are extended 2000 km from the footpoints
in this study. About 40.1% more whistlers observed by the RBSP satellites are found to correspond
with WWLLN lightning. Lightning strokes with energy larger than 100 J all have the potential to
generate a whistler and propagate to the inner magnetosphere. We show that whistlers strongly
correspond to WWLLN lightning at low L shell (L < 3) regions. The correspondence between high

L shell whistlers and lightning still exist but need further study.
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Figure 2.1. Prediction and real results for (a) RBSP-A and (b) RBSP-B on 17 July 2013. The
red lines show the real result, and blue lines show the prediction result.
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Figure 2.2. Spectrogram and waveform of Bu component on RBSP-A from 18:27:20.5 UT to

18:27:21.5 UT on 17 July 2013. (a) Original spectrogram. (b) Dechirped spectrogram. (c)

Original waveform. (d) Dechirped waveform. (e) Timing of WWLLN lightning strokes near the

satellite footpoints. The vertical dashed lines represent the WWLLN lightning time observed in

first half of the second.
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Figure 2.3. Histogram of corrected dechirped peak time minus WWLLN stroke time in every

2s dechirping window, after correction for two propagation terms. (a) Including all WWLLN
strokes. (b) Including WWLLN strokes within 10,000 km. (c) Including WWLLN strokes within
2000 km.
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Footpoint location of RBSP satellites when whistlers are observed with a one-to-one coincident
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coincident with whistlers observed on RBSP satellites. Figures 2.4d and 2.4e are all plotted in

geomagnetic coordinate system.
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Figure 2.6. Scatter plot of lightning energy from WWLLN and Poynting flux calculated from

EMFISIS at RBSP for one-to-one coincident events. Both linear fitting and power law fitting

results are shown here as solid and dashed curves (fitting formula in text).
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Figure 2.7. A nose whistler example observed by RBSP-A from 07:15:38.5 UT to 07:15:40.5
UT on 16 July 2014. (a) EFW spectrogram. (b) EMSIFIS spectrogram. (c) Timing of WWLLN

lightning strokes near the satellite footpoints. The vertical dashed line also represents the
WWLLN lightning time.
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Table 2.1. Statistical results of whistler waves observed by RBSP and WWLLN lightning.

Number of sampling minute
Number of sampling minute with
dechirped peaks

Percentage

Number of dechirped peaks
Number of coincident dechirped
peaks

Percentage

Number of global WWLLN
lightning strokes

Number of coincident WWLLN
lightning strokes

Percentage

Number of WWLLN lightning
strokes within 2000 km

Number of coincident WWLLN
lightning strokes within 2000 km
Percentage

July 2013  Aug — Sep 2013 Mar — Apr 2014

151
140

92.7%
5938

2526
42.5%
54,675

2526
4.6%
12,699

2004
15.8%

233
150

64.4%
2454

730
29.7%
62,520

730
1.2%
6103

452
7.4%

221
195

88.2%
12,594

5052
40.1%
89,275

5052
5.7%
20,005

3476
17.4%

Total
605

485

80.2%
20,986

8308
39.6%
206,470

8308
4.0%
38,777

5932
15.3%



50
Chapter 3. INTERACTIONS BETWEEN ENERGETIC ELECTRONS

AND STRONG LIGHTNING-GENERATED
WHISTLER WAVES OBSERVED AT HIGH L-
SHELLS

3.1 INTRODUCTION

In the past few decades, it has been shown that there are three main loss mechanisms of radiation
belt electrons: losses across the magnetopause, precipitation into the upper atmosphere and
outward radial diffusion. The losses across the magnetopause and outward radial diffusion have
been used to explain the rapid depletion of relativistic electrons in the outer radiation belt down to
L > 5 [e.g., Bortnik et al., 2006a, Turner et al., 2012]. Electron precipitation into the upper
atmosphere is mainly controlled by pitch angle scattering process, including Coulomb collisions
and resonant wave-particle interactions between different types of plasma waves and energetic
electrons [e.g., Abel and Thorne, 1998a, 1998b].

Pitch angle scattering outside the plasmasphere is mainly due to whistler-mode chorus waves
[Horne and Thorne, 2003; Thorne et al., 2005]. Inside the plasmasphere, the loss of electrons is
mainly due to Coulomb collisions, lightning-generated whistlers, plasmaspheric hiss and man-
made VLF transmitter signals. Based on the calculations in Abel and Thorne [1998a], three types
of VLF waves may interact with energetic electrons of different energies and are dominant at
different L-shells. By using the average wave intensity, lightning whistlers are suggested to be
important drivers between 2.0 < L < 3.2, but much weaker than plasmaspheric hiss at L > 2.4.
Bortnik et al. [2003] qualitatively estimated the energy distribution and lifetimes of
magetospherically reflected (MR) whistlers in the plasmasphere and indicated that these MR

whistlers may play a more important role than assumed in previous work at slot region. Rodger et
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al., [2003] suggested that long-term loss driven by whistlers is more significant than all other loss
processes for energetic electrons in the range of 50 — 150 keV at L = 2 — 2.4. Based on the average
wave densities from CRRES measurements, Meredith et al., [2007] estimated the loss timescales
due to plasmaspheric hiss and lightning-generated whistlers in and above the slot region. The
results showed that the loss of electrons with energies larger than 500 keV in the region 2.5 < L <
4.0 is dominated by plasmaspheric hiss with small wave normal angles. At lower energies, ducted
whistlers are more effective as a scattering process than plasmaspheric hiss, but still with a much
longer loss timescale. By adding the observations from SAMPEX satellites and comparing the new
results with their previous work, Meredith et al., [2009] found that plasmaspheric hiss alone can’t
account for the observed loss timescales at 2.0 < L < 2.4. The observed loss required the combined
effects of plasmaspheric hiss and ducted lightning-generated whistlers. Although the power of
whistlers used in their calculations is two orders of magnitude less than hiss, it is shown that
whistlers can still play an important role in electron loss at the inner slot region. In the past decade,
CRRES data were used in different models to estimate the scattering loss due to plasmaspheric
hiss and lightning-generated whistlers [e.g. Meredith et al., 2007; Glauert et al., 2014]. It is
believed that lightning-generated whistlers only have an effect on < 500 keV electrons due to the
frequency range (2.0 < f < 5.0 kHz) and have weaker effects than plasmaspheric hiss due to the
lower average wave amplitude (one or two orders of magnitude less).

Lightning-induced electron precipitation (LEP) from the Earth’s radiation belts is a known
troposphere-to-magnetosphere coupling mechanism caused by wave-particle interactions. Voss et
al., [1984] showed the first LEP event from the observations of SEEP experiment on S81-1
satellite. It was shown that a single LEP burst (102 erg s* cm) is estimated to deplete ~0.001%

of the particles in the slot region [Voss et al., 1998]. The LEP events proved that lightning whistlers
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may be important for pitch angle scattering of 100 — 250 keV electrons in the slot region.
Simultaneous observations of LEP events and lightning-generated whistlers have been observed
on the DEMETER satellite with apogee ~700 km altitude [Inan et al., 2007]. The LEP events are
observed within <1 second of source lightning and are coincident with a flux increase of 100 — 300
keV electrons.

Lightning-generated whistlers are also considered as a potential source of plasmaspheric hiss
inside the plasmasphere [e.g., Dowden, 1971; Draganov et al., 1992; Green et al., 2005]. It was
shown that whistlers produced by a single lightning event can form a continuous hiss-like signal
at a fixed point after multiple magnetospheric reflections and phase mixing [Draganov et al.,
1992]. The analysis of DE-1 and IMAGE data by Green et al., [2005] showed that the geographic
distribution of plasmaspheric hiss over frequencies of ~500 Hz to ~3 kHz is similar to the
distribution of lightning, with emissions stronger over continents than over ocean, stronger in the
summer than in the winter and stronger on the dayside than on the nightside. This interpretation is
still controversial [e.g. Thorne et al., 2006; Green et al., 2006; Meredith et al., 2006]. By using
data from the CRRES satellite, Meredith et al. [2006] found that the VLF waves over frequencies
of 2.0 — 5.0 kHz are most likely related to lightning-generated whistlers, however, the waves at
lower frequencies increase with geomagnetic activity, which should be independent of lightning.

The source and destination of lightning-generated whistlers have been studied for decades.
Possible one-to-one connections between whistlers and specific individual lightning strokes were
firstly studied with in situ rocket-borne measurements [e.g., Kelley et al., 1985; Holzworth et al.,
1985; Kelley et al., 1990] and then extended to several hundred kilometers altitude with
measurements from LEO satellites like DEMETER [e.qg., Santol k et al., 2009] and C/NOFS [e.g.,

Holzworth et al., 2011; Jacobson et al., 2011]. By analyzing the high time-resolution waveform
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data from Van Allen Probes and global lightning data from the World Wide Lighting Location

Network (WWLLN), the one-to-one relationship between lightning strokes and lightning-
generated whistlers can be extended to L > 4 near the magnetic equator [Zheng et al., 2016].

Due to the limited data sampling rate or the limited space coverage on satellites, long-time-
averaged wave emissions over some specific frequency ranges were used to estimate the effect of
lightning-generated whistlers. However, in our recent work, we found that the wave amplitude of
lightning-generated whistlers in specific events can be much stronger than the average wave
intensities used in previous work. In this paper, we would like to show you two strong lightning-
generated whistlers events observed at L > 3 near the geomagnetic equator with peak amplitude of
waveform perturbation larger than 0.1 nT. We will present direct evidence of strong lightning-

generated whistlers scattering energetic electrons in the outer radiation belt.

3.2 DATABASE

3.21 Van Allen Probes

The Van Allen Probes (formerly known as the Radiation Belt Storm Probes (RBSPs)) were
launched in August 2012 into a near-equatorial orbit with 10 <inclination. The two probes traverse
roughly the same orbit with 1.1 Re %<5.8 Re (from the center of the Earth), which cut through both
the inner and outer radiation belts [Stratton et al., 2013]. The Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFISIS) wave instrument on board provides 3-D
measurements of wave electric and magnetic fields and DC magnetic fields [Kletzing et al., 2013].
The six-channel Waveform Receiver (WFR) on EMFISIS has a continuous coverage of wave
power spectral density in the survey mode from 10 Hz to 12 kHz and a variable coverage of full

waveform data in the burst mode with a sampling rate up to 35 ksamples/s. The Magnetic Electron
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lon Spectrometer (MagEIS) provides electron distributions with energies from ~30 keV to 4 MeV

at a time cadence of 11 s [Blake et al., 2013].

3.22  WWLLN

WWLLN detects lightning by monitoring the Time-Of-Group-Arrival (TOGA) of VLF lightning
sferics at five or more stations simultaneously located globally [Dowden et al., 2002]. This network
has improved in accuracy and detection efficiency with the addition of many new stations since
2004. In 2011, the network had an estimated detection efficiency of about 11% for Cloud-Ground
strokes and can be >50% for stokes with higher peak current [Hutchins et al., 2012]. Zheng et al.,
[2016] previously showed that the conjunction between VVan Allen Probes and WWLLN is helpful
to find the source lightning of whistlers observed around magnetic equator especially at low L-

shells.

3.3 OBSERVATIONS

3.3.1  Oblique Whistler Event

Figure 3.1 shows an overview of lightning-generated whistler measurements from RBSP-A on
20141004 from 0900 to 0910UT. In this event, we had rare continuous burst mode data from
EMFISIS for about 20 minutes (only the last 10 minutes data are shown here). During this event,
Van Allen Probes were close to the magnetic equator (| MLAT (magnetic latitude) | < 59, therefore
we directly used the local measurements to represent the magnetic equatorial parameters. The L
value of RBSP-A varied from 3.69 to 3.08 in 20 minutes and MLT was around 8.0. As illustrated
in Figure 3.1a and 3.1b, it is still difficult to identify the dispersed whistler pattern in
magnetic/electric wave power spectra with such a condensed plot. Every individual lightning-

generated whistler wave appeared as spikes in the frequency range between 0 — 4kHz. There are
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also two narrow band of waves at ~1kHz and ~300 Hz, which may be the plasmaspheric hiss
waves. Unlike the previous studies in the introduction, the wave amplitudes of whistlers in this
event are very strong. The magnetic perturbation was even larger than 0.2 nT at 090528UT and
090812UT, with multiple peaks higher than 0.1 nT (Figure 3.1c). In figure 3.1d — 3.1h, the 1-
minute plot from 0908 to 0909UT could provide more details about this event. The spectrogram
in Figure 3.1d is very similar to the first MR (non-ducted) whistler spectrogram from OGO 1,
which usually contains a series of echo train with decreasing nose frequency [Smith et al., 1968].
In this event, each group of whistler waves and three possible echoes became more dispersed after
multiple reflections. It also agrees with the ray tracing simulation results at L = 3 — 3.5 in Bortnik
et al., [2003]. In order to select the frequency spectrum of whistler waves and get rid of
background, only PSD higher than 5 times of its median value at each frequency bin are kept in
Figure 3.1f. From the Poynting vector angle shown in Figure 3.1g, it is clearly seen that whistler
echoes passed the satellite point from different directions. The wave normal angle (calculated by
SVD method [Santol k et al., 2003]) of non-ducted whistler waves was already very large when
the first wave arrived at satellite and became even closer to 90<after several more reflections
(Figure 3.1h).

As shown in Figure 3.1, strong non-ducted whistler waves were observed by Van Allen
Probes, and detailed necessary wave parameters were provided to model the scattering effects.
Here we used the EMFISIS measurements from 0908 to 0909 UT in Figure 3.1f as the average
wave frequency spectrum. The electron density and background magnetic field amplitude were
obtained from in situ measurements, producing a high ratio of electron plasma frequency to
gyrofrequency. Since the wave normal angle of non-ducted whistlers increased rapidly after first

reflection [Bortnik et al., 2006b; Meredith et al., 2007], we assumed that the wave normal angle
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remained highly oblique at high L-shells. The input wave parameters we obtained from RBSP-A
are shown in Figure 3.2. Specifically, the red, blue and black curves in figure 3.2a indicate the
averaged power spectral density of all waves (Figure 3.1d), hiss wave (median value of Figure
3.1d) and only whistlers (Figure 3.1f). In this event, the total wave spectrum can also be divided
into three frequency ranges: mostly hiss waves below 500 Hz, a mixture of hiss waves and
lightning-generated whistler waves from 500 Hz to 1.1 kHz and mostly lightning-generated
whistler waves from 1.1 kHz to 4 kHz. Unlike previous work which only calculated the
contribution of lightning-generated whistlers from 2 kHz, the event shows that we can extend the
lower cutoff frequency to 500 Hz. The wave spectral densities shown here are slightly different
from average results at quiet times (Figure 2 in Meredith et al., [2007]), with stronger whistler
intensity and weaker hiss intensity in this event. The wave normal angle spectrum of whistlers
(Figure 3.1h) is also shown in Figure 3.2b. The majority of the waves have large wave normal
angles around 65< and we applied a Gaussian fitting for the wave normal angle distribution in the
following model. To quantify the scattering effects of this strong non-ducted whistler event, we
calculated the bounce-averaged diffusion coefficients by using Full Diffusion Code [Ni et al.,
2008, 2011; Shprits & Ni, 2009] at different pitch angles and energies. Cyclotron resonances with
harmonic numbers ranging from -10 to +10 (including Landau resonance) were included in the
calculations.

The bounce-averaged pitch angle diffusion coefficients (<Dq>) are shown as a function of
pitch angle (PA or ) and electron kinetic energy (Ex) in Figure 3.3. The dominant scattering effect
of lightning-generated whistlers is pitch angle scattering, with a much weaker effect of momentum
diffusion. There are some interesting features related with this event of strong non-ducted whistler

scattering. There are two parts of large diffusion coefficients in Figure 3.3a. In the near
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perpendicular direction (PA = 70°- 909, the electrons of ~10 to ~100 keV may be efficiently

scattered due to Landau resonance. For the resonant electron energies from 30 keV to 100 keV,
the diffusion coefficients remain large from near loss cone to intermediate pitch angles like 30<
There is also a rise to high energy around several hundred keV of <D,,> around pitch angle of 20<
The maximum value of <D> can reach to 10° s, which is almost the same level as hiss waves
in previous work [Ni et al., 2013].

To examine the evidence of strong non-ducted whistler scattering, measurements of RBSP-B
were also checked since the two Van Allen Probes were in a very similar orbit. In this event, two
probes passed the same L shell at similar MLT, with RBSP-B trailing by ~86 minutes. Different
geomagnetic indices on 04 October 2014 were also checked. The minimum Dst was -8 nT, the
minimum SYM-H was -15 nT and Kp index was 1. Under such a quiet geomagnetic condition, we
assumed that the structure of the plasmasphere didn’t change too much within ~86 minutes.
Therefore, the difference of measurements on RBSP-B and RBSP-A could be a temporal effect
more than a spatial effect. The survey mode data of EMFISIS measurements from RBSP-A and
RBSP-B when passing the same L-shells were shown in Figure 3.4. Although the resolution of the
survey mode data is not as high as burst mode data in Figure 3.1, we can still find multiple “spikes”
as the indication of non-ducted whistlers on both satellites. It is shown that the non-ducted
whistlers still exist at the L-shells after ~86 minutes when RBSP-B arrived. Meanwhile, the
lightning data from WWLLN were also checked during these two periods. In Figure 3.5a and 3.5b,
the location of thunderstorms near the satellite footpoints doesn’t change significantly since the
thunderstorms normally last a time scale of hours. The lightning source of the strong non-ducted
whistlers may originate from one of the thunderstorms in the North Atlantic Ocean based on the

longitude of satellite footpoints and the ray tracing results at L = 3.5 in Bortnik et al., 2003. Due
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to the rotation of the Earth in ~86 minutes, the footpoints of RBSP-B were westward of the
footpoints of RBSP-A when passing the same L-shell. From previous research [Holzworth et al.,
2011; Zheng et al., 2016], it was shown that the entry point of the whistler waves into the
ionosphere can be many thousands of kilometers away from the source lightings. The highest
amplitudes of whistlers may be observed up to distances of ~500 km to 1000 km [Fiser et al.,
2010, Jacobson et al., 2011]. Therefore, the whistlers generated from one thunderstorm may have
the ability to “illuminate” a longitude range of ~20 °to 50 (depends on the latitude). In Figure 3.5
it is shown that the footpoints of two Van Allen Probes are located at two sides of an intense line
of thunderstorms in the North Atlantic both within 10°of these storms. After a short time of
rotation, it is still possible that the non-ducted whistlers observed on both VVan Allen Probes were
generated from the lightning strokes of the same thunderstorm area, which propagated in the Earth-
ionosphere waveguide and illuminated the same area in the inner magnetosphere.

The pitch angle distribution from both satellites at L = 3.40 are shown in Figure 3.6. The
variation in ~86 minutes is not large, as expected. But the pitch angle distribution of ~100 keV
electrons still shows a weak diffusion process which agrees with diffusion coefficients. The
electrons around 80< have a small peak which corresponds with the Landau resonance at a
perpendicular direction, which is also known as a “top-hat” distribution. Meanwhile, the electron
phase space density (PSD) slightly decreases at intermediate pitch angles and then increases at
lower pitch angles near the loss cone. We also examined the lightning-induced electron
precipitation (LEP) by using measurements of POES/MetOp satellites [Evans and Green, 2004].
MetOp-B is close to the region of whistlers for less than 1 minute. Figure 3.7 presents the data of
RBSP-A and MetOp-B during the conjunction period. Here we require the L-shell value difference

between two satellites to be less than 0.1, which result in a ~40 second conjunction window.
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During this period, the MLT difference is no larger than 0.65, which is also reasonable. The
medium energy proton and electron detector (MEPED) on POES can provide integral electron flux
in four energy bands (> 40 keV, >130 keV, >287 keV and >612 keV). In this 40-second window,
there are five precipitation peaks observed at 07:05, 07:09, 07:17, 07:23 and 07:35 — 07:39. The
time resolution of MEPED data is 2 seconds so sometimes it is hard to make a one-to-one match
between lightning whistlers and flux peaks. Unlike the LEP events at low-L shell, the peak flux is
only four times of background here. This is probably due to the sensitivity of POES satellites and
the low trapped flux at around 100 keV near the outer radiation belt boundary. In some of the
peaks, the flux of >287 keV is higher than >130 keV, that’s caused by the geometry factors at
different energy channels. The original count rate data (not shown) are checked to have reasonable

numbers at different energy channels.

3.3.2 Ducted Whistler Event

Figure 3.8 shows an overview of ducted whistler measurements from RBSP-A on 20160625 from
0844 to 0845UT. In this event, RBSP-A was also close to the magnetic equator around L = 3.96.
The maximum magnetic perturbation of the whistlers was larger than 0.4 nT at 08:44:28.5UT. The
frequency range of the ducted whistlers was much higher than non-ducted whistlers due to the
higher plasma density (not shown here). The electron densities which inferred from the upper
hybrid resonance frequency fun on EMFISIS [Kurth et al., 2015] showed a density increase from
08:42 to 08:59 UT, indicating a duct here. From previous studies, the ducted whistlers usually
propagate along the magnetic field lines and can be received (also reflected) at the conjugate point
of the other hemisphere [Helliwell, 1965]. The Poynting vector angle showed that the initial
whistlers propagated from northern hemisphere to the satellite. Two-hop whistler echoes were also

observed coming from southern hemisphere. As a ducted whistler event, the wave normal angle in



60

this event stayed at a small number after one reflection. 10 of lightning strokes from WWLLN
dataset were found within 10 ©away from the northern magnetic footpoint of the satellite. Each of
them was about 1 second before the arrival of whistlers on RBSP-A.

Here we also used the wave parameters provided on RBSP-A to model the scattering effects
of ducted whistlers. The average wave frequency spectrum, electron density and background
magnetic field amplitude obtained from RBSP-A is shown in Figure 3.9a. The two peaks in the
wave frequency spectrum correspond to different frequency ranges of the initial whistlers and
whistler echoes. We assumed that the wave normal angle didn’t change during reflections in the
duct. The bounce-averaged diffusion coefficients are shown in Figure 3.10. The results are similar
to plasmaspheric hiss, but the scattering energy is much lower due to its higher frequency [Ma et
al., 2015]. The strong ducted whistlers may cause the energetic electron loss mostly at several to
tens of keV, with an extension to a hundred keV. In this event, the other VVan Allen Probe was far
away, and it didn’t pass the same L shell at a similar MLT in a short time period. We also didn’t
find any LEO satellites passing through the same L-shells in 1 minute. Figure 3.11 shows the
electron distribution variation in 2 minutes on RBSP-A. The L-shell changed from 3.91 to 3.97.
The electron loss at large pitch angles occurred at energies lower than 143 keV. At some energies
lower than 108 keV, the electron PSD increased at low pitch angles near loss cone. This agrees
with our diffusion coefficient results, but it can also be a spatial effect since RBSP-A moved ~400

km (0.06 Re).

3.4  DISCUSSIONS

In this paper, we present two strong events of lightning-generated whistlers from Van Allen Probes
near the geomagnetic equator of outer radiation belt. By using full waveform data from EMFISIS,

we conducted a detailed study of lightning whistler events around geomagnetic equator. Lightning
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whistlers at L > 3 can be divided into non-ducted and ducted types by checking the wave normal
angles. During the non-ducted whistler event, wave and particle measurements from two probes
show a trace of pitch angle scattering. In this event, the whistlers generated from the same
thunderstorm may be observed by both probes passing the same L shell within ~86 minutes of
separation. The pitch angle distribution around one hundred keV on both probes showed a possible
“top-hat” near 90°and an increase near the loss cone region, which is a sign of the diffusion
process. Only the wave components with strong power spectral density, which is at least 5 times
higher than background were selected as whistler waves in our study. Possible hiss waves were
removed by this method due to its continuous existence at similar strength. The wave spectral
intensity of whistlers in this event is at least one order higher than the average intensity calculated
in previous research. Using the wave properties of non-ducted whistlers observed on RBSP-A, we
simulated the whistler wave scattering effects by modeling the evolution of the electron
distribution. Bounce-averaged diffusion coefficients were calculated first based on the averaged
wave frequency spectrum, electron density, background magnetic field and L-shell location. Low-
altitude MetOp satellite, which has passed similar L-shells and MLT the same time provides the
chance for the conjunction observations. Several electron precipitation events were observed
related with lightning-generated whistlers. The ratio of peak flux over background is not as large
as LEP events at low L-shells (e.g., L = 2.3 in Voss et al., [1984]). This is probably caused by the
sensitivity of telescope design and low trapped electron flux near the outer radiation belt boundary.

Another ducted whistler event is also studied in this paper. A duct with increased electron
density at a region of ~0.4 R is observed on RBSP-A. Multiple lightning-generated whistlers are
detected with quasi-parallel propagation in a 1-minute window. The source lightning of some

whistlers can be found in the WWLLN lightning map near the satellite footpoint. In this event, the
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wave spectral intensity of whistlers is at least 20 times higher than the average intensity found
before. The bounce-averaged diffusion coefficients showed similar results as hiss waves but
working mostly in a lower energy range. Two probes comparison could be made in this event. But
the variation of electron PSD on RBSP-A in 2 minutes agreed with the simulations. Although the
simulation results showed that the strong ducted whistlers could deplete the electrons below 100
keV in about 1 — 2 hours, we would also like to point out that the duration of electron duct is a

complicated question and it may not exist long enough and distributed at all MLT.

3.5 CONCLUSIONS

We conducted a detailed study of two lightning-generated whistler wave events at L > 3 region.
Our results are as follows:

1. The wave intensity of lightning-generated whistlers can be much higher than the averaged
results found in previous work. Specifically, the non-ducted whistler event in our work is
at least one order higher and the ducted whistlers is more than 20 times higher.

2. The strong lightning-generated whistlers can be important for scattering electrons with
energies near the 100 keV level.

3. Lightning-generated whistler waves may be underestimated for pitch-angle scattering

effects at L > 3 regions.
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Figure 3.1. Overview of wave measurements from RBSP-A on 20141004 from 0900 to 0910
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density; (b) Electric field spectral density; (c) Waveform of Bu component (UVW is the satellite
spinning coordinate system with W axis as the spin axis); (d) Same as (a); (e) Same as (c); (f)
Whistler wave magnetic spectral density, only wave spectra with intensities at least 5 times
greater than the background (median value) are shown; (g) Poynting vector angle; (h) Wave
normal angle. The horizontal lines in Figure 3.1a and 3.1d indicate 0.1 fce, where fce represents

the local electron gyrofrequency.
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Chapter 4. SUMMARY AND FUTURE WORK

In the following chapter, | briefly summarize the key findings in this dissertation and provide

suggestions for future work.

4.1 CONCLUSIONS

In this dissertation, we used a new and unique dataset to study lightning-generated whistler waves
in the Earth’s inner magnetosphere. Global lightning data and high-resolution waveform data in
the radiation belts are connected together to study the lightning-generated whistler waves including
the source, propagation, wave-particle interactions and electron precipitation.

The conjunction work between WWLLN and Van Allen Probes is conducted from July to
September 2013 and from March to April 2014, which provided the simultaneous observations of
global lightning and whistler waves used in this thesis. Global lightning data of the past 3 years
from WWLLN are used to forecast the lightning occurrence along the magnetic footpoints
trajectories of the Van Allen Probes. In each day, a ten-minute window is selected for data
collecting in burst mode at the satellites. By using this method, lightning-generated whistler waves
near the geomagnetic equator at low L-shells were successfully predicted with a rate of ~80%.
About 22.6% of the whistlers observed by the VVan Allen Probes corresponds to possible source
lightning in the WWLLN data both in time and position. This rate agrees with the detection
efficiency of WWLLN. About 40.1% more whistlers observed by Van Allen Probes may
correspond with WWLLN lightning if the source region is extended from 2000 km to the global
area. The energy of lightning may not be the dominant factor to decide the appearance or absence

of the lightning-generated whistler waves in the inner magnetosphere if the far-field radiated
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energy of lightning is larger than 100 J. The new data set based on our method can be valuable for
the future study of whistler-related phenomena.

In previous research, the pitch angle scattering of energetic electron by lightning-generated
whistler waves is estimated by using average wave strength and hypothetical wave normal angle
distribution. The results may not be accurate for specific cases. In this thesis, we show detailed
analyses for two types of whistler events using new data from Van Allen Probes. The detailed
waveform and wave normal angle data of lightning whistlers only are used for calculating the
diffusion coefficients. The two events in this thesis both showed stronger wave intensities than the
averaged results in the previous work. Specifically, the ducted whistler event, with small wave
normal angles is larger than the oblique whistler event with large wave normal angles. The
diffusion coefficients show that the strong lightning-generated whistler waves may be important
for scattering electrons with energies around 100 keV. Ducted whistler waves may be more
effective in pitch angle scattering processes than non-ducted whistler waves due to the small wave
normal angles. But from another perspective, the propagation of ducted whistler requires an
electron density gradient, and it may not exist long enough. The work in this thesis shows the
possibility to simulate the electron precipitation caused by lightning-generated whistler waves in

individual cases.

4.2 FUTURE WORK SUGGESTIONS

The work in this thesis shows several important results with the new data from global lightning
and high-time resolution waveform data in the radiation belts. But there are still several studies
can be done to extend the understanding in the future.

Ray tracing method is very useful to simulate the propagation of lightning-generated whistler

waves from ionosphere to the inner magnetosphere. But currently there is not a complete model to
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explain the propagation from lightning to the leak points at the ionosphere. The most common
hypothesis used for this process is that any point within 2000 km or more from the lightning can
be a possible entry point for lightning-generated whistlers. In the future study, some simulation
works can be done to generate a whistler wave strength map based on the distance to the lightning
location. After that, we can combine this map with the ray tracing simulations to get a 3-D whistler
wave intensity map generated from each individual lighting stroke. Background plasma density
from existing models or real measurements can be used as input for ray propagation model. There
are some preliminary results at 700 - 800 km [e.g., Jacobson et al., 2016], but it is necessary to
extend the model to a high altitude, to the inner magnetosphere.

In this thesis, we only show two whistler events at high L-shells from a list with several
hundred whistler events. As mentioned in Chapter Two, the dechirping method no longer works
well for the whistler detection at high L-shells. We try to use two methods to identify the whistler
waves at high L-shells. The first thing we tried is the dechirping method with a high frequency
cutoff around 0.3 or 0.4 fce. The second thing we used is the cross-matching method in the previous
work. We manually generated several reference whistler waves with different dispersion constants
as candidates and try to match them with wave spectrograms to see if any one fits better than a set
threshold. But neither method can solve the problem perfectly. In the future work, we may build a
convolution neural network to identify the whistler wave patterns in the spectrograms. There is
already a neural network trained for DEMETER satellite to identify the whistler phenomena at low
altitude. The parameters of this neural network are not open, and it only works for well-structed
0+ whistler waves at low altitude. In the future work, a new neural network model can be trained

if there are enough whistler training samples at high L-shells.
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After we have a better solution on automatic whistler wave detection at high L-shells, we can
statistically analyze all whistler wave events to get a better understanding on the whistler wave
intensity distribution. It is also possible to get more electron precipitation cases with the
conjunction work of low altitude satellites (like new CubeSats with high resolution electron flux

data) and the Van Allen Probes.
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Appendix A. WWLLN SERVICE UNIT TEST

A.1  NEw DESIGN

The WWLLN service unit was redesigned due to the audio problems in the Gumstix operating
system with new version of kernels. The stereo signals may randomly swap the left and right
channels which is a big problem for the analysis of VLF data. There are some other changes in the
design of service unit. In the new design, the Gumstix is removed from the service unit and we
separate the computer and service unit again like we did in SUv3. By doing that, the new design
is more compatible with different computers, and we can easily switch to another one if the current
choice is discontinued or there is a major system failure which can’t be fixed at our end easily. All
the connectors related to the Gumstix are all removed including the HDMI, Ethernet and USB
ports. We can no longer remotely control the preamp power supply but we revised the design of
yellow LEDs so it can directly monitor the currents feeding into the preamp. The new design is
also compatible with both two types of GPS units using in SUv3 and SUv4. The two voltage
regulators used in SUv4 are all replaced by DC/DC convertors to guarantee enough power for the
circuits. The components of new design are all located on one side now instead of two sides in the

previous design.

A.2 COMPUTER SELECTION

The Raspberry Pi 3 Model B+ was chosen to be the current computer instead of a regular desktop
used with SUv3. There are several advantages of that, 1) it is light and small; 2) it is not expensive;
3) there is a large community using it, so the support is much better than Gumstix. There are some
basic requirements which should be satisfied for the future upgrades, like Internet access (Ethernet

connection preferred), Linux Operating System, USB connections and video outputs. There are
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some other soft requirements like sound card, RAM size, MicroSD card options, cost and service
support.

The new version of Raspberry Pi was chosen for its popularity and support. The operating
system of Raspberry Pi, called Raspbian, is a Debian-based computer operating system. The large
open source community can provide an environment with flexibility, security and robust. But since
the Raspberry Pi doesn’t come with a sound card, we need to find a USB sound card, which can
analyze 48 kHz stereo signals. The USB sound card we chose here is Behringer U-Control

UCA222. It is powered by USB port, and have stereo input choice with RCA connectors.

A.3 DESIGN AND LAYOUT

The board design is shown in Figure A.1 with component name and values. The connections
between service unit and Raspberry Pi is not shown in this figure. This a minor problem which can
be fixed in the future design. It is designed to be compatible with two types of GPS units. But the
output voltage of two types of GPS units are different. The voltage at pin 3 of socket 1 is 3.3V but
the voltage at pin 3 of socket 2 is 5V. The voltage difference will not destroy the circuit but may
generate different brightness of LED Al when it is triggered. So, in the future design, it may be
better to put one resistor for each TXD output before the conjunction point instead of using only
one R6.

The layout is shown in Figure A.2. There are four connectors in the front side (left of Figure
A.2), including GPS serial jack, GPS unit connector, stereo jack and preamp jack. There is only
one power jack at the back side (right of Figure A.2). We kept the two-way GPS serial
communication between computer and service unit by using the FT232 board. The new version of
FT232 now uses micro-USB jack instead of mini-USB jack. The connector position of two GPS

units are aligned in the horizontal directions but the heights are different, so before we drill the
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service unit box, we still need to know which type of GPS unit will be put inside of it. The stereo
jack is directly connected to the USB sound card through a stereo-to-RCA cable and the USB

sound card is connected to Raspberry Pi.

A.4 CONSTRUCTION

The construction work for the new service unit also includes two parts: board and box. At first, we
assemble the board with all the necessary components, socket and jumpers. Then we do several
tests (see Section A.5) to make sure the board is working correctly. After that, we start the
construction of box. In Figure C.3 and C.4, we have the schematics for box holes and mounting
holes on each side. After the drill work, we mount the service unit board into box, plug in all the

cables as shown in Figure C.5, and do the final test in the Raspberry Pi system.

A.5 TEST PROCEDURES

In the initial board test, we don’t mount the GPS unit or plug in cables. When the input voltage
slowly increases from 0 to 12V, the current should reach about 45 mA. Test the voltage for GPS
and preamp. The SMT360 socket should have two voltages, 5V on pin 1 and 3.3V on pin 2. The
NLC-SKII-CP2_V2.0 socket should only have one voltage, 5V on pin2. All other pins in the
GPS part should be zero. We also need to test the voltage for preamp. The voltage between pin 5
and pin 1 should be 15V and the voltage between pin 4 and pin 1 should be -15V.

Turn off the board and mount the GPS unit. At 12 V input voltage, the board should draw
about 73 mA.

With all the cables connected, including the GPS and preamp antenna, the board should
draw about 117 mA at 12 V input voltage. Both yellow LEDs should be on. Since the GPS unit

is not configured so far, we will talk about the red LEDs later.
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SOFTWARE SETUP

The Raspberry Pi system usually boots from a MicroSD card, so we need to build a operating

system in a MicroSD card first. Here are the steps to build the system:

1.

10.

Download the official Raspbian image from the official website. The current version is
Raspbian Stretch.

Find right tool and write the image to the MicroSD card.

Mount the MicroSD card to any Linux machine, then copy the directory of firstRunFiles
to /nome/pi/firstRunFiles under the rootfs directory in the MicroSD card. The
firstRunFiles directory includes the WWLLN software and all necessary configuration
files.

Unmount the MicroSD card safely and plug it into the Raspberry Pi.

Connect the full system as shown in Figure C.5, boot the Raspberry Pi.

Run install.sh and setup.sh under the firstRunFiles directory to install required packages,
create accounts and finish the configurations.

After reboot, make other necessary configurations in the GUI of raspi_config, like allow
ssh access, don’t use pi as default log in account, etc.

Configure the GPS unit. Run the sendTSIP_*.py script and follow the instructions. There
is another way to configure the GPS. We can directly connect the GPS serial to a
Windows PC and configure it by Trimble software. After the GPS configuration, both
two red LEDs should flash once per second.

Check the GPS status by running readTSIP_*.py script.

Check VLF data. We need to check the viIf.png file under /home/sferix/public_html

directory. This file should provide the latest spectrogram of VLF. The sferics.log file
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under /home/sferix/sferics can provide more detailed information about the sferics
results.
11. Change the default webpage in the web browser to the viIf.png file so the host can easily

visit it.
The SSH tunnel settings are still under test so the network configurations are not listed here. The
Raspberry Pi will run with DHCP at this moment. It is easy to change it to a static IP if the host
has one. At first, open the file at /etc/dhcpcd.conf with vi or nano. Then scroll all the way to the
bottom of the file and add one of the following snippets. Here is an example:

interface ethO

static ip_address=192.168.0.10/24

static routers=192.168.0.1

static domain_name_servers=192.168.0.1
Here interface defines which network interface you are setting the configuration for, ip_address
is the IP address that you want to set your device to; the /24 is the subnet mask, which indicates
255.255.255.0 in this example; routers is the IP address of your gateway (probably the IP
address or your router) and domain_name_servers is the IP address of your DNS. You can add
multiple DNS here separated with a single space. After you type all the required information,

save the file and reboot. You can check the IP information by the ifconfig command or any

website which can help to identify your IP.
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Figure A.1. WWLLN Service Unit Test v2 design.
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Figure A.4. Schematic for Service Unit mounting holes.



Figure A.5. Overview of WWLLN Service Unit Test.
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