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Abstract

IONOSPHERIC VLF WAVES AND OPTICAL PHENOMENA
OVER ACTIVE THUNDERSTORMS

by Ya Qi Li

Chairperson of the Supervisory Committee: Professor Robert H. Holzworth
Geophysics Program

In 1987 and 1988, two campaigns, the Wave Induced Particle Precipitation
campaign and the Thunderstorm II campaign, were conducted to investigate
lightning-generated effects in the upper atmosphere and ionosphere. Two rockets
(apogees 420km and 330km) and 6 balloons (float altitudes 30km) were launched
near thunderstorms in these campaigns. Optical and electric signals from hundreds of
Iightning strokes were recorded by both the rockets and balloons.

Using the data obtained in these two campaigns, we have been able to study
some problems about lightning-generated VLF waves in the ionosphere which have
not been well investigated previously. In this dissertation, we report the following: 1)
The downward-looking optical detector on the rocket recorded some anomalous
characteristic optical phenomena which had not been reported previously. Our study
shows that they occurred above the balloon altitude (30km), and we interpreted the
results in terms of discharges at high altitudes. 2) We studied the relation between the
amplitude of lightning-generated VLF waves in the ionosphere and the lightning
current recorded by the SUNYA lightning network. Our study shows that the
amplitude of waves at frequencies below 5 kHz has linear response to the lightning
current. Above 5 kHz, there is not a significant linear correlation between the wave
amplitude and the lightﬁing current. 3) We have been able to determine the

propagation path of the lightning-generated VLF waves from the source to the rocket.

The path is consistent with the leaky waveguide hypothesis in which waves travel in




the waveguide to the vicinity of the rockets, and then propagate vertically through the

ionosphere. 4) We have found that the amplitude of lightning- generated VLF waves
have maxima and minima at different altitudes, instead of being attenuated
monotonically with altitude as expected. A theoretical model has been proposed
which shows that the wave amplitude profiles are the result of interference between
waves from an aperture area below the rocket. 5) We numerically calculated the
absorption of VLF waves at the bottom of the ionosphere. The electron density
gradient of the ionosphere was taken into account. The characteristics of the
absorption, such as the frequency dependence, were investigated. Comp.axing th
lightning spectrum received on the ground and by a rocket, we deduced tha

significant heating of the ionosphere is caused by lightning-generated VLF waves.
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CHAPTER 1
INTRODUCTION
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1.1 LIGHTNING AND ITS ELECTROMAGNETIC RADIATION
Lightning is a transient, high-current electric discharge which originates in the
electric charges separated in thunderstorm clouds. There are intracloud (IC) dis-
charges, cloud-to-cloud (CC) discharges, cloud-to-air (CA) discharges and cloud-to-
ground (CG) discharges. CC and CA discharges are relatively rare in comparison with
other discharges.The most common discharges are IC discharges, which account for
well over half of all lightning discharges (Uman, 1987). However, the discharge

which has been most extensively studied is CG discharge.

CG discharges include positive CG discharges and negative CG discharges.

Positive discharges are generally stronger than negative discharges, but are relatively
uncommon. A negative CG discharge typically brings to earth tens of coulombs of

negative charge. In such a process, a preliminary breakdown within the cloud initiates

an ionized channel which is called stepped leader. This stepped leader propagates
from cloud to ground in a series of discrete steps in about 20 ms. As the leader tip,

which has an electric potential of magnitude in excess of 107V with respect to the

grdund, is close to ground, the electric field at certain points near sharp objects on the

ground exceeds the breakdown value of air, and then one or more upward-moving dis-

; charges are initiated from those points. As the upward-moving discharge from the

_ ground contacts the downward-moving stepped leader some tens of meters above the

_ ground, the leader tip is connected to ground potential. Then a strong upward current
_ flows along the previously ionized and charged leader path to the top of the leader
channel. Such upward current, which typically has a peak intensity of tens of kiloam-

peres near ground, is called return-stroke (Magono,1980; Uman, 1987).

The current of return-strokes reaches its peak value in a few microseconds and

falls to half of the peak value in about 50us. Currents of the order of hundreds
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amperes may continue to flow for times of a few milliseconds to several hundred mil-

liseconds. After the first return-stroke, if additional charge becomes available at the
- top of the discharge channel, a continuous dart leader may propagate down the resid-
ual first-stroke channel and initiate another return stroke. A lightning flash may have
only one return stroke or several return strokes. The time between successive return
strokes in a flash is typically several tens of milliseconds. The currents of subsequent.
return-strokes are usually smaller than that of the first return-stroke (Uman,1987).

The three components of fields related to lightning discharges are electro-
static, inductive, and radiative components (Uman et al, 1975; Magono, 1980;
Siefering, 1987). In this work, we will mostly consider the lightning radiation field,
that is, electromagnetic waves generated by lightning. Lightning-generated waves
cover a frequency range from several Hertz (Hz) to several hundred mega-Hertz
(MHz). The radiation spectra of lightning flashes may differ considerably, due to the
conditions and characteristics of lightning discharge channels (Newman, 1958; Kim-
para, 1965). Typical spectra of CG lightning flashes measured on the ground have
dominant energy between 1 kHz to 20 kHz ih the Very-Low-Frequency (VLF) range.
The typical amplitude spectra decreases by more than 50 dB from 20 kHz to 500 MHz
(Kimpara,1965; Uman, 1987; Nanevicz et al., 1990). k

The radiations below 20 kHz from lightning discharges are mainly generated f
by return-strokes. The radiated power of return-strokes remains significant up to 1-2 :
MHz, above which the contributions from the preliminary discharge processes an k
other parts of discharge processes become dominant. The radiations from IC lightning;';
discharges are considerably smaller than that of CG discharges at frequencies belo
20 kHz. Above 50 kHz, radiations from IC discharges tend to be comparable to thos
from CG discharges (Kimpara,1965; Pierce, 1977).

1.2 WHISTLERS AND LIGHTNING-ASSOCIATED PHENOMENA

A large fraction of the VLF power from lightning is confined in the waveguid

formed by the earth and the lower edge of the ionosphere. These waves, called atmo-
spherics Or sferics, can propagate in the earth-ionosphere waveguide for a large
distance. They are broadband pulses and last typically less than Ims when received
by ground receivers (Taylor, 1965). Also, a small fraction of lightning-generated VLF
wave power is coupled into whistler-mode waves at the base of the ionosphere and
propagates into the ionosphere. The lightning-generated waves in the earth-iono-
sphere waveguide have been actively studied for decades. By comparison, less
research has been done on lightning-generated waves in the ionosphere (Siefring,
1987).

These VLF waves launched into the ionosphere by lightning are subject to
strong attenuation in the lower ionosphere due to collisions between electrons and

neutral particles (Budden, 1985). Some of these waves may be guided approximately

along the geomagnetic lines of force by field-aligned ionization irregularities, called

whistler ducts, to the other hemisphere. These ducted waves are partizilly reflected at

the top of the ionosphére in the other hemisphere and some of their energy can be

transmitted into the atmosphere. Because of the dispersion, these waves which reen-
ter the atmosphere, coupling back into EM waves, produce a whistling sound in the

audio frequency range and are therefore called “whistlers”. The partial reflection of

waves may repeat several times to produce whistler echo trains in both hemispheres

(Helliwell, 1965).

Classical whistler dispersion starts at high frequency and drops to a lower

limit of about 1 kHz within one to three seconds. The amplitude of whistlers is usually

_greatest at a frequency near 5 kHz (Helliwell, 1965). The association between light-

ing spectra and occurrence of whistlers has been investigated in many studies.

Observations indicate that almost any intense lightning discharge is likely to excite

 whistlers. There is also evidence that lightning discharges with peaks near 5 kHz are

more likely to produce whistlers than those with peaks at higher frequencies (Helli-

well et al., 1958; Norinder and Knudsen, 1959).




4

In the magnetosphere, lightning-generated VLF waves can interact with ener-
getic particles in the radiation belt. During this interaction process, pitch angle
scattering can occur in which waves gain energy from particles, so wave amplitudeg
are greatly increased (Kennel and Petschek, 1966; Etcheto et al., 1973). Evidence for
such amplification effects can be found in a large fraction of whistlers (Helliwell,
1965). The other consequence of this wave-particle interaction is that the pitch angles
of the particles are reduced. So some of these magnetospheric particles would be
caused to penetrate to lower altitude in the ionosphere, and lose their energy by col-
liding with ionospheric particles. Such lightning-induced particle precipitation can
produce enhanced ionospheric ionization and optical emissions in the upper atmo-
sphere and ibnosphere, as well as X-rays detectable down to about 30 km altitude

(Rosenberg et al., 1971; Carpenter et al., 1982; Inan et al., 1987).

1.3 DIRECT UPWARD EFFECT OF LIGHTNING IN THE IONOSPHERE

The process of lightning-induced particle precipitation resuits in dumping of
stored magnetospheric particle energy into the upper-atmosphere and the ionosphere.
Thus lightning-generated waves play a role in the downward energy coupling
between the magnetosphere and the atmosphere. For some time, particle precipitation

was considered to be the only significant ionospheric effect of lightning. Since this

effect relies on wave-particle interactions in the magnetosphere, it is basically an indi-

rect effect.

In the last decade, more and more evidence has indicated that direct upward

effects of lightning discharges on the ionosphere are much more significant than ha

been previously thought. In 1985, it was first reported that large transient electric fiel

- associated with lightning strokes was recorded by a rocket at  altitudes above 140 km "

in the ionosphere (Kelley et al., 1985). A remarkable feature of this transient field wa
a significant electric field component parallel to the background magnetic field. Suc

parallel electric fields could drive electrons along the magnetic field line and generat

pla
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sma instabilities in the local medium (Siefring, 1987). Similar transient electric

elds from lightning were also observed by Goldberg et al. (1986). More recently, a
trong non-dispersive transient electric pulse associated with lightning discharges has
een recorded by a rocket in the direction parallel to the geomagnetic field (Kelley et
.. 1990). Unlike the transients field reported earlier, this parallel signature was
received at the rocket well-ahead of the typical lightning-generated whistler waves.
The cause and effect of such a precursor pulse has not been well-understood. Light-

ning-generated VLF waves also give rise to certain processes in local media as they

propagate in the ionosphere and the magnetosphere. For example, lower-hybrid

waves excited by whistler waves in the ionosphere and the magnetosphere have been

observed (Woodman and Kudeki, 1984; Kelley et al, 1990, Bell et al, 1991a, 1991b).

VLF transmitter signals have been used to detect lightning-induced particle

precipitation events in the ionosphere for some years. When precipitating particles

enerate ionization in the lower ionosphere near the great circle path of the transmitter

signal, the phase and amplitude of the received signal could have characteristic per-

urbations, called “trimpi” events (Helliwell et al., 1973; Lohrey and Kaiser, 1979;

 Carpenter et al., 1984). Normal trimpi events occur 0.3-1 .5 seconds after the causative

lightning, because the lightning-generated waves and the magnetospheric particles

must travel a large distance before precipitation can occur. In the last decade, a new

kind of “trimpi”, called “fast (or early) trimpi”, has been reported (Armstrong, 1983;

Inan et al, 1988). Such fast trimpis occur almost instantaneously (< 50 ms) after the

causative lightning. This new phenomenon indicate that the lower ionosphere is dis-

_ turbed by lightning discharges by mechanisms other than the wave-induced particle

_ precipitation. It has been suggested in recent years that direct heating of the lower ion-

| osphere by lightning-generated VLF waves could be the cause of such phenomena

(Inan, 1990; Inan et al, 1991). The direct coupling of lightning-generated energy to
the middle atmosphere and ionosphere have also been used to explain other atmo-

spheric electrical phenomena (Hale and Baginski, 1987; Hale, 1992).




direct and significant effects on the ionospheric plasma. To understand these effects,

it is necessary to understand the physics of lightning-generated electromagnetic

energy in the ionosphere. Since the dominant energy radiated from lightning dis-

charges is in the VLF range, lightning-generated VLF waves in the ionosphere are

fundamental to the investigation of lightning effects in the ionosphere.

1.4 MAGNETO-IONIC THEORY
1.4.1 Appleton-Hartree Formula

Magneto-ionic theory is commonly used to describe the properties of electro-

magnetic waves in the ionosphere. This theory assumes: 1) the medium is electrically
neutral and consists of neutral particles, electrons and ions; 2) the charged particlesin

the medium are “cold”, so effects of their thermal motion can be ignored; 3) the

medium is homogeneous, so the waves can be treated as plane waves; 4) the effects
of electron collisions are instantaneous; and 5) the collision frequency is the same for
all electrons. Based on these assumptions, a dispersion relation of waves in the
medium can be derived from the motion equation of electrons (ions motion is usually
ignored) and Maxwell's equations (Budden, 1985).This dispersion relation expressed

as Appleton-Hartree formula for the index of refraction is

X

Y2

i ! [1Y3+Y12(1—X—iZ)2}
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All evidence suggests that lightning-generated electromagnetic energy hag
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where, f is the frequency of the wave; f, is the plasma frequency; f,, is the gyro-

frequency of electrons; v is the effective collision frequency between electrons and

neutral particles; and © is the propagation angle of the wave, which is the angle

between the wave normal and the background magnetic field.

The positive and negative sign in the denominator of the Appleton-Hartree

formula represents the extraordinary wave mode and the ordinary wave mode, respec-

tively, which are arisen from the anisotropy of the medium in a background magnetic

field.

For some problems the approximation of a homogenous medium for use of the

f -Appleton-Hartree formula can be ignored. When the change of the medium is not sig-
nificant within a wavelength, the medium can be treated as slowlf—varying. In such
cases, the Appleton-Hartree equation can be applied using some approximations. In
_some other cases, however, when the medium is not slowly-varying, the equation can-
not be applied. For example, the ionospheric electron density changes abruptly
_ within a wavelength of VLF waves at the base of the ionosphere, so it may be inap-

_ propriate to use the Appleton-Hartree equation to deal with some problems of VLF

waves in this region.

1 4.2 Quasi-'Longitudinal Approximation

The properties of whistler waves propagating at an arbitrary angle to the back-
ground magnetic field are obtained by the Appleton-Hartree formula.When the wave
propagation direction is sufficiently close to the mégnetic field direction, the Apple-
ton-Hartree formula can be simplified by using the quasi-longitudinal (QL)
approximation (Ratcliffe, 1959; Budden, 1985). Specifically, the QL condition is




Y?sin*0

2

> (1-X-iz)7 ,
4c0s°0

where Y = f_ /f . The simplified formula under the QL condition is

2 X

It should be noticed that the QL condition may still be valid for propagation at
a large angle under certain circumstances. For example, considering the conditions at
120 km altitude in the ionosphere, let Jpe = 200kHz, f,, =1000kHzand v=0 ,the

QL condition can still be valid for a 10 kHz wave propagating in an angle as large as

60 degrees.

1.4.3 Full Expression of Appleton Hartree Formula

In many cases, the QL approximation can not be applied. We will encounter
such cases later when we investigate wave propagation in the lower ionosphere,
where the plésma frequency is much lower than the electron gyrofrequency. So, a
complete expression for the refractive index is needed. The full expression of the

Appleton-Hartree formula we derived is the following.

n = nr+mi;
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Given the electron density, the background magnetic field intensity and the
effective collision frequency, the wave refractive index can be calculated from these
equations. In this thesis, the wave refractive index is generally calculated using these

full equations.

1.4.4 Profiles of Ionospheric Electron Density and Effective Collision Frequency

As shown by the Appleton-Hartree formula, the wave refractive index is a
function of the electron density n,, intensity of the geomagnetic field (B) and effec-
tive collision frequency (v) between electrons and neutral particles. To calculate the
propagation of VLF waves in the ionosphere, the changes of n,, B and v with alti-
tude have to be known.

" In this thesis, we assume the geomagnetic field is a dipole field with intensity

of 0.38 Gauss at the surface of the earth on the equator. The electron density profile

sed in our calculation is obtained by running an International Reference Ionospheric
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(IRI) model (Rawer et al., 1978). The following parameters were chosen in running

the IRI model:

Day: 212

Local time: 23:00

Geographic latitude/longitude: 37.8 N/754W

Sunspot Number: 34.3

F2 Peak Intensity: 1.03 x 10cm™

F2 Peak Altitude: 350 km

The location was chosen to be Wallops Island, Virginia where WIPP and

Thunderstorm II rockets (see next chapter) were launched. Local time and sunspot

number were selected according to actual conditions when the WIPP rocket was

a V17T 1 T riT
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Figure 1.1: Electron density and effective collision frequency profiles
of the ionosphere used in this dissertation

aunched. The electron density and altitude of the F2 peak were determined by in-situ

Jectron density measurements conducted by another simultaneous rocket during the
WIPP campaign.

The profile of effective collision frequency v was given by Budden (1985),

which has had very little changes for the last thirty years. The value of v changes

ghtly with time of day and with seasons, and the profile of v also depends on lati-

ude. However, these changes are very small and usually can be ignored (Budden,

1985).

The profiles of electron density and the effective collision frequency used in

our calculations are shown in Figure 1.1. Using these profiles and a dipole geomag-

netic field, the wave refractive index at each altitude of the ionosphere can be

caléulated. Figure 1.2 shows an example of the calculated real refractive index for a
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Figure 1.2:  Calculated refractive index of a 5 kHz wave using the profiles
of the electron density and the effective collision frequency shown in
Figure 1.1




5kHz wave at altitudes from 80 km to 440 km in the ionosphere. At each altitude. the
refractive index at different propagation angles (between wave normal and back.

ground magnetic field) was calculated.

1.5 ABOUT THIS DISSERTATION

Lightning- generated VLF waves play an important role in electrodynamic and
plasma processes in the ionosphere, but there are still many gaps in our knowledge
about the properties of' these waves in the ionosphere. For examples, how does the
amplitude of these waves change with altitude in the ionosphere? What is the relation-
ship of the amplitude of these waves measured in the ionosphere to the lightning
current measured on the ground? Where are these lightning-generated waves
launched into the ionosphere? What are the characteristics of the wave absorption in
the lower ionosphere? What is the effect of wave self-modulation on the wave spec-
trum in the ionosphere? These que'stions either have not previously been well
answered or have never been addressed. The data from our participation iﬁ two col-
laborative campaigns provide us a chance to answer many of these questions

During the Wave Induced Particle Precipitation (WIPP, 1987) and the Thun-
derstorm II (1988) campaigns, two rockets (apogees 420km and 330km) and 6
balloons (float altitudes 30km) were launched near thunderstorms. A photodiode sen-
sor for measuring the broad-band optical power of lightning and a broad-band VLE
receiver for measuring electric field were included in both the rocket- and balloon-
borne payloads. During the rocket flights, the optical and electric signals of hundre :
of lightning strokes were located by the State University of New York at Alban
(SUNYA) lightning network (Orville, et al., 1983, 1987) and recorded at both th
rockets and balloons.

In the next chapter, we will describe the WIPP and Tﬁunderstorm II cam
paigns and the instruments used on the rockets and balloons. Our emphasis will be 0

the optical lightning detector which we contributed. We will also give a general ove:
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ew of the data we obtained from these two campaigns.

In Chapter 3, we will discuss an optical phenomenon recorded by our down-
ard-looking optical lightning detector at the WIPP rocket. This phenomenon has
me anomaloué characteristics which have not been reported previously. Our study
ggests that this phenomenon occurred above balloon altitude (30km) and may be

vidence for discharges at high altitudes.

In Chapter 4, we will study the correlation between the amplitude of lightning-
eneréted VLF in the ionosphere and the lightning current intensity measured by the
UNYA lightning network. Our results indicate that the wave components at lower
equencies, presumably below 4 kHz, have a fairly good linear correlation with the
UNYA current intensity. But wave amplitudes at higher freqﬁencies normally do not
ave a positive linear response with the SUNYA current.

With the optical signal of lightning, we have been able to determine accurately
e propagation time of the lightning-generated VLF waves from the source to the

rocket. In Chapter 5, using the wave propagation time, we will investigate the loca-
ons where the lightning-generated waves were launched into the ionosphere. We
ill also discuss the relationship of our results to the wave generation mechanisms in
is chapter.

From the rocket measurements, we have found that the lightning-generated
LF waves have maxima and minima in their intensity at different altitudes, instead
f attenuating monotonically with altitude as normally predicted.This phenomenon
ill be reported and discussed in Chapter 6. Using a preliminary theoretical model,

e will show that the wave amplitude profiles could be explained by the interference

The"heating of the lower ionosphere by lightning-generated VLF waves has

een of interest in recent yeafs. Such heating originates from the absorption of VLF
ave energy. The VLF wave absorption in the ionosphere has usually been evaluated

sing the Appleton-Hartree equation, which is not valid for VLF waves in the lower




ionosphere because of the sharp electron density gradient. In chapter 7, we numeri-
cally calculate the absorption of VLF waves at the bottom of the ionosphere. The
electron density gradient of the ionosphere is taken into account. The characteristics
of the absorption, such as ;he frequency dependence, are investigated. Comparing the
lightning spectra received on the ground and by a rocket, we found possible evidence |
of large increase in the collision frequency between electrons and neutrals, which f
implies significant heating of the ionosphere from lightning-generated VLF waves.

In the last chapter, chapter 8, we will summarize the main results of this dis-

sertation and discuss some problems for future studies.
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CHAPTER 2

EXPERIMENTS, INSTRUMENTS AND DATA

1 THE WIPP AND THE THUNDERSTORM II CAMPAIGNS

During the summer of 1987 and 1988, the Wave Induced Particle Precipitation
(WIPP) campaign (Kintner et al., 1987; Arnoldy and Kintner, 1989; Hu et al., 1989,
Lietal., 1990) and the Thunderstorm IT campaign (Kelley et al., 1988 and 1990) were

onducted at the NASA Wallops Flight Facility-(37.8 N, 75.4W). During these two

hunderstorms to investigate thunderstorm related phenomena in the ionosphere and
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Figure 2.1: Measurements conducted by the rockets and balloons in

the WIPP and Thunderstorm II campaigns
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atmosphere. Figure 2.1 is a diagram showing the measurements conducted by the

rockets and balloons in the WIPP and thé Thunderstorm II campaigns.

The WIPP rocket (Principal investigator: P. Kintner) was launched at aboyt
3:53:49 UT on the night of July 31, 1987. It flew about 10 minutes and achieved an

altitude of about 412 km. A down-looking optical lightning detector for measuring the

broad-band dptical power of lightning was included in the rocket payload. Besides

the optical power of lightning, the broad-band VLF electric field in the directio
perpehdicular to the geomagnetic field and the broad-band VLF magnetic field vecto
were also measured by the rocket. Also included in the rocket payload were tw
photo-multiplier photometers and a Reticon imager. Even though its spatial resolutio
was relatively low, the imager was intended to provide a means for locating an
important optical events observed. During the rocket flight, a balloon launched abou
two hours earlier was floating at an altitude of 31 km. An optical lightning detecto:
was also mounted at the bottom of the balloon payload to make it down-looking
Other measurements conducted on the balloons included the quasi-static DC electri
field vector and VLF electric field in the vertical direction (Hu et al, 1989; Li et al
1990).

The Thunderstorm II rocket (Principal investigator: M. Kelley) was launche
atabout 5:47:22 UT on the night of July 27, 1988. The apogee of the rocket was abou
333 km. The flight lasted about 8 minutes. A down-look lightning-detector which wa
identical to that used on the WIPP rocket was also included in the payload of thi
rocket. Besides the optical power of lightning, the broad-band VLF electric fiel
vector and magnetic field vector were measured at the Thunderstorm Il rocket as well.

The spin rate of both the WIPP and the Thunderstorm II rockets was about on
cycle per second. The spin axes of the rockets were approximately in alignment with
the earth's magnetic field line during the rocket flight. Telemetry from both the rockel
and balloon payloads included both digital PCM (pulse-code modulation) and analog
FM/FM downlinks. |
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In these two campaigns, the locations and discharge current intensities of

oud-to-ground lightning flashes which occurred within a horizontal range of a
ousand kilometers from the rocket were detected by the State University of New
ork at Albany (SUNYA) lightning locating network (Orville, et al., 1983, 1987).
the'r ground-based data included broadband VLE magnetic measurement using a

agnetic loop antenna at Wallops Island (Rodriquez et al, 1992).

In this dissertation the rocket data from the WIPP and the Thunderstorm II
paigns are used primarily, so, our emphasis here will be on the instruments used
the rockets. The instruments for measuring VLF electric and magnetic field at the
ckets in the WIPP and Thunderstorm II campaigns were contributed by Cornell
hiversity (Kintner et al, 1987; Arnoldy and Kintner, 1989; Kelley et al, 1988 and
90). The optical imager and photometers were provided by G. Parks of University
Washington (Massey et al.,, 1990). These instruments will ‘only be briefly

=scribed. The optical lightning detector was fabricated by our group at the University

of Washington and calibrated by the author.

2.1 Opftical Lightning Detector

The broad-band optical lightning detector was used on two rockets and six
alloons in the WIPP and the Thunderstorm II campaigns. This detector applied
amamatsu photodiodes (PN: S1336-8BK) as optical sensors. One photodiode was
ed in each balloon detector while two photodiodes in parallel were used in the
cket-borne detector to provide redundancy and to double the amplitude of that
gnal. Otherwise, the balloon and rocket optical sensors and electronics were
entical.

The detector ignores continuous optical signals of duration longer than

proximately 1 sec by using a DC canceling circuit. Photodiode output is

-ompressed into a 0 - 5 volt range by a square-root circuit before the voltage signal is
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relayed to ground telemetry receivers. An electric circuit diagram of the detector jg

given in Appendix 1.

The photodiode bandwidth covered the visible wavelengths between 400 and
700 nm. For the balloon sensor with one photodiode, the minimum detectable input
optical power was approximately 300 pW, which is equivalent to detecting a 5,000
kW optical source at a distance of 400 km. Saturation input power for a single

photodiode was about 4 LW. Hence the dynamic range of the detector was about 40

dB in optical power. With two photodiodes, the sensitivity of the rocket detector was

150 pW.

The lightning detector has a wide field of view. A window of diameter 1.2 cm

was used with either one or two photodiodes, and the overall sensor was uncollimated.

The measured angular sensitivity function for a detector with one photodiode is
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shown in Figure 2.2. Circles plot the mean optical power values of the angular

sensitivity found in three separate calibrations. Bars on the circles indicate the range
of values. Ledges apparent in the plot near 60° and 70° are probably due to light
reflected into the photodiode from the edge of the aperture. Apart from the small error
of measurement, the range of values in different measurements (error bars) is due to
rotation of the sensor about the axis normal to the aperture; note that reflection may

not be uniform around the edge of the aperture. As the incident angle of the optical

signal changes from 0° - 88° the normalized optical power sensitivity of the detector

falls off by a factor of more than 2.3 X 1074 .

The optical lightning detector was installed on the bottom of a balloon or
rocket payload to make it down-looking in flight. Detectors at both the rockets and
balloons have recorded a large number of optical pulses generated by lightning

strokes.

Optical detectors of this type have been previously used on 8 balloons

(Holzworth et al., 1986).

b. VLF electric field and magnetic field detector

The dipole electric field detectors employed spherical conductors mounted on
the t;nds of a 3-m tip-to-tip boom pair exténded perpendicular to the spih axis of the
rocket. Since the spin axis of the rocket was maintained parallel to the geomagnetic
field, the boom was approximately perpendicular to the geomagnetic field during the
rocket flight.

The detector on the WIPP rocket had only one boom pair, so only the
perpendicular electric field component was measured. The highest frequency
response of this detector for the E-field component Was 32 kHz (digitized at 64 kHz).
The detector on the Thunderstorm II rocket measured the vector electric field by
applying three pairs of booms (two 3-m pairs and one 1-m pair). The sample rates for
the three components of electric field were 10 kHz, 20 kHz and 20 kHz respectively.

The quasi-static vector E field detector and the broadband VLF E field
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detector used at the balloon consisted of six spherical conductors mounted on the ends

of three pairs of orthogonal 1.5-m booms. Maximum frequency response of the
balloon E field detector for vertical component was 50 kHz. Similar rocket angd
balloon E-field detectors have been used in previous flights and are described more
completely by Kelley et al. (1985), Holzworth et al. (1985) and Sefering (1987). The
vector magnetic field was measured at both rockets using three-axis search coils
magnetometer furnished by Cornell University.

c. Optical imager and photometers

Besides the optical lightning detector, two photo-multiplier photometers

(39144, 5577A) and a Reticon imager were also mounted on the bottom of the WIPP ,

rocket payload for detecting optical sources below it (Massey et al., 1990).Viewing

angle of the photometers and imager were 35° and 45° full angular width,

respectively. Photometer bandwidths were 304, and photons were counted during an

integrating period of 1 msec for each point measured. With overlapping field of view,

the 32 x 32 array of light-sensitive cells in the Reticon imager produced an image

once every 54 msec. From these images, the approximate locations of observed

optical sources can be determined.

2.3 DATA OVERVIEW

Both the WIPP and Thunderstorm II rockets recorded optical signals and VLE
electric field responses of a large number of lightning strokes. Many of these lightning
strokes were located by the State University of New York at Albany (SUNYA)
lightning detecting network.

Examples of the data obtained by the optical lightning detector and the VLE
electric field detector at the Thunderstorm II rocket, as well as the data from the
SUNYA lightning network, are shown in Figure 2.3. The top panel (Opt-R) in this
100-msec figure is the optical measurement from the lightning optical detector. The

second and third panels (V12 and V34) are broadband measurements of two

components of the VLF electric field perpendicular to the geomagnetic field. The
: fourth panel (V35) is the parallel component of the electric field. The bottom panel
| (SUNYA) are the data from the SUNYA lightning network, in which the location and

_ the multiplicity of the lightning flashes are indicated.

As shown in Figure 2.3, a single-stroke lightning flash located at 37.1N,

 71.6W occurred at 5:51:16.596 UT. Its optical signal was detected by the rocket at
about 5:51:16.597 UT at an altitude of 314 km. The horizontal distance between the
flash and the rocket was approximately 300 km. About 5 ms after receiving the optical

signal, a VLF wave packet generated by this lightning stroke was detected.

KELLEY ROCKET DATA (THUNDERSTORM II, 7/27/88)
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Figure 2.3:  Lightning-generated optical signal and VLF waves received
at the Thunderstorm II rocket. The top panel is the lightning optical signal
recorded by the lightning optical detector. The second and third panels are
two perpendicular components of the VLF electric field. The fourth panel
is the VLF electric field in the direction parallel to the geomagnetic field.
The bottom panel is the data from the SUNYA network. The location and
the multiplicity of the lightning flash are also indicated in this panel.




Rocket Optical and VLF data (WIPP, 1987)
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Figure 2.4: Typical lightning-generated VLF waves received at different
altitudes in the ionosphere. The top panel is the lightning optical signal
which serves as a timing of the lightning flash. The rest panels are VLE
waves generated by different lightning strokes and received at altitudes
from 270 km to 412 km.

The time delay of the VLF waves to the optical signal is due to the relative

slow speed of whistler-mode waves propagating in the ionosphere medium. This tim
delay becomes longer when waves propagate a longer distahce in the ionosph
Figure 2.4 shows several wave packets received by the WIPP rocket at altitu
between 270 km and 412 km. The first panel in this figure is the lightning opti
signal.v The rest five panels are the perpendicular component of VLF waves general
by different lightning strokes and received at different altitudes. It is seen that the ti

delay of VLF waves to the optical signal increases significantly with altitude. Besi
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e relatively slow speed, these waves also have a dispersive feature. The wave

packets last much longer when received at higher altitudes. The typical duration of the
wave packets ranges from 15 ms at an altitude of 150 km to 50 ms at an altitude of
400 km. The dispersive feature of these waves can be better seen in Figure 2.5.
Figure 2.5 shows 100-msec optical and VLF data obtained by the WIPP rocket
at an altitude of 393 km. The top panel in this figure is the lightning optical signal.
The middle panel is the measurement of the perpendicular VLF electric field. The
pottom panel is the spectra of the VLF electric field. The time resolution of the spectra
s one msec; It is seen in this figure that the optical signals of four lightning strokes
were detected by the rocket. The wave packets generated by these strokes were
received by the rocket at 3:58:19.774, 792, 812 and 842. It is seen that the frequency

components above 20 kHz in each wave packet arrive at the rocket almost

Kintner Rocket Data (WIPP, 7/31/87)
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Figure 2.5: 100-msec spectra of the electric field recorded by the WIPP
rocket at 393 km. :




KELLEY ROCKET VLF (THUNDERSTORM 1I,7/27/88)
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Figure 2.6: The polarization of lighting-generated VLF waves in the
ionosphere. The two perpendicular (to geomagnetic field) components
are plotted as x and y while the origin of the coordinate is shifted along
he time.

simultaneously (within 1 msec). Below 20 kHz, the difference in the arrival time
different frequency components becomes significant. For ekample, the wave at |
arrived the rocket about 15 msec later than the wave at 20 kHz. The band seen
frequency of 22 kHz in this figure is the signal from a VLF transmitter (NSS).

The circular polarization of these lightning-generated VLF waves can also

seen in the data. To show this, two perpendicular components of a wave pac

received by the Thunderstorm II rocket are plotted in Figure 2.6 as x and y while
origin of coordinates is shifted with time. It is seen in the figure that at low frequenc
the circular polarization is obvious, while at high frequencies the low sampling I
(10 kHz) prevents resolution of it.

The dispersion, polarization and propagation speed of lightning-genera

waves in the ionosphere, shown in the above, have been measured by rockets ine

periments (Maynard, 1970). It was shown that the measurements were consistent

kf ith the predictions by the magnetoionic theory for whistler-mode waves (Maynard,




~ : 27
CHAPTER 3 localize some of the AOEs to regions from that the balloon did detect most of the
ANOMALOUS OPTICAL EVENTS DETECTED

BY THE LIGHTNING DETECTOR AT THE WIPP ROCKET

UNYA-located lightning flashes which were nearly simultaneous with some of the

| ,OEs. In fact, no AOE:s of the WIPP or any other type were ever seen by any of the
six balloon payloads which were floated in similar situations (4 flights in 1987, 2

3.1 INTRODUCTION :ﬂights in 1988; see Hu et al., 1989). This suggests that the AOEs reported here for the

During the Wave Induced Particle Precipitation (WIPP) campaign (Kintner WIPP rocket flight may have occurred above the balloon, that is at some altitude

above 30 km.

al., 1987; Amoldy and Kintner, 1989), one rocket (apogee over 400 km) and four bal
Lightning discharges in the Earth's atmosphere typically occur below the

loons (float altitudes over 30 km), were launched near thunderstorms. The optic

lightning detectors were included in both the rocket and balloon-borne payloads.T _ tropopause at about 15 km altitude maximum. The few reports available indicate that

narrow-band photometers and a Reticon imager (Massey et al., 1990) were als lightning which sometimes goes upward to the clear air above 15 km is uncommon

mounted on the rocket. (Vaughan and Vonnegut, 1989). Other rare forms of upward discharges have been

During the 10 minute rocket flight, more than 500 events were detected by reported (Malan, 1937; Franz et al., 1990). In the mid-latitude atmosphere, some nat-

lightning detectors on the rocket and balloon together. Many of these events w ural optical phenomena are also known to occur above 30 km, such as luminous

individually correlated with cloud-ground (CG) lightning flashes located by the S meteors, light produced by precipitating electrons, ordinary (here, nighttime) air-glow

University of New York at Albany (SUNYA) lightning network. A number of o and fast atmospheric light pulsations (Ogelman, 1970; Tiimer, 1982). None of these

events not indicated in the SUNYA data can probably be attributed to intracloud sources have characteristics which rcsembleb those of the AOEs detected during the

lightning or to CG lightning missed by the network. In addition to all these light WIPP rocket flight.

events, the rocket detected a third class of optical events which have anomalous In this chapter we will present examples of anomalous optical events (AOEs)

natures. These involve many more optical impulses and longer optical duration (a detected by the rocket and balloon on July 31, 1987. We will show that the AQEs have

several hundred ms) than typical of lightning events. These anomalous optical ev signatures which differ from those of well-known optical sources in the atmosphere.

(AOEs) were always accompanied by characteristic radio signals detected prim
- 32 DATA

by the ground-based VLF receiver in the form of a strong clustering of VLF impu
As mentioned above, more than 500 lightning-related optical events were

embedded in mostly weaker, more continuous noise. At the rocket and balloori

detected amplitude of these characteristic signals was generally less than that o  detected by the rocket and balloon payloads together during the 1987 WIPP rocket

typical VLF radio impulses or “atmospheﬁcs” usually produced by the ﬁghming flight. For many of these impulsive events the SUNYA network located essentially

None of the long-duration AOEs were detected by the WIPP balloon ph simultaneous CG lightning flashes. Figure 3.1 shows those flashes located by

diode sensor. This is true even though the data from the Reticon imager on the 1o SUNYA during the period when rocket data were being collected. Geographical posi-

indicated that some of them were from localized sources which should have be tions of SUNY A-located flashevs are plotted with symbols indicating whether a stroke

ible to the balloon seﬁsor. By this we mean primarily that we have been a ~was also detected by the rocket, the balloon, both or neither. As discussed below, most
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Jot detected by either the rocket or the balloon. The SUNYA lightning locations con-

data points are circles indicating simultaneous detection by both rocket- and ballgg

borne sensors. Symbols for lightning flashes located at about the same geographic +rm the effective fields of view of the rocket and balloon optical photodiode sensors
position have been offset as needed for clarity (see figure caption). Approximate pr an approximate way. It can be seen from the figure that both the rocket and balloon
jections of the rocket and balloon trajectories are also indicated.

éenSOfS detected nearly all SUN'YA-located lightning flashes (more than 90%) within

a range of approximately 500 km. In addition, many flashes beyond a range of 500

5t SOW
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Figure 3.1:  Cloud-Ground lightning flashes located by the SUNYA network
Flash locations are plotted with different symbols indicating whether a flash
was also detected by the rocket, the balloon, both or neither. Positions of th
eight AOEs located by the Reticon array imager are plotted assuming the
optical sources are at cloud altitude.

_Figure 3.2:  Five seconds of data from the Wallops ground instruments, the
WIPP rocket and balloon, and the SUNYA lightning network. Panels A and
B show the 0-20 kHz VLF spectrum (Wallops VLF) recorded by a ground-
based VLF receiver. Panel C shows the optical power (Opt-R) detected by
the rocket photodiode sensor. Panel D shows the broad-band electric field
(VLFE-R) in a direction approximately perpendicular to the geomagnetic field
at the rocket. Panels E and F show the optical photodiode power (Opt-B)
and broad-band vertical electric field (VLF-B) detected at.the b_alloon. The
bottom panel (SUNYA-G) shows the SUNYA network lightning data, for
which only the first stroke of a multistroke flash 18 plotted, with the
multiplicity indicated by a number above it.

The total number of flashes in Figure 3.1 is 205. Of these, 87% were dete

by the rocket, 84% by the balloon, and 74% by both rocket and balloon. Only 2% W



km were detected as well. (For reference, the line of rocket trajectory is aboy
km.) |

Five seconds of data from the Wallops VLF receiver on the ground, the rog
the balloon, and the SUNYA network are shown in Figure 3.2. Panels A and B
lops VLF) show the 0 - 20 kHz spectrum recorded by a ground-based VLF rece
with a magnetic (loop) antenna. The C and D panels show the optical power (Opt
and broad-band electric field (VLF-R), which is approximately perpendicular to
Earth's geomagnetic field, detected at the rocket (-R). The E and F panels show
optical power (Opt-B) and broad-band vertical electric field (VLF-B) detected at
balloon (-B). The bottom panel (SUNYA-G) is derivedggom lightning data recof
by the SUNYA network on the ground. For multiple flashes within a single ligh
flash, the SUNYA data includes the time and intensity of the first stroke and the str
multiplicity, which is indicated by a number written above the stroke.

~ Seen at approximately 3:58:19.8 UT in Figure 3.2 is a typical multiple str

lightning event detected by the Wallops VLF ground receiver, the rocket, the ball
and the SUNYA network. For this event, the SUNYA data located a lightning
with six strokes at 41.089N, 72.657W (3:58:19.762 UT). At 3:58:19.835 UT,
later, another individual flash was located at 40.702 N, 72.512W, about 45 km
from the first one. Both of these lightning events were detected optically by the r
and balloon photodiode sensors. Three impulses due to the first or multiple
appear in the rocket and balloon optical data, the time interval between those
impulses is within the range expected for intervals between multiple CG
strokes in a typical multi-stroke flash (Thomson et al., 1984; Uman, 1987).

Besides CG lightning events such as these, the rocket and balloon det
also registered many other impulsive optical events not indicated in the SUNYA
Exaﬁnples include the irnpulse just after 3:58:21.2 UT in the balloon data (pane
Figure 3.2) and those impulses between 3:58:22.5 and 3:58:22.9 UT which oc
both the rocket (panel C) and balloon (panel E) data. Since these particular imj

are similar to others which were located by the SUNYA network, they are thou

~ 31
= most likely due either to IC or to CG lightning flashes missed by SUNYA. More

an 500 such impulsive lightning responses were detected by the rocket and balloon

sors together, which is more than twice the number of CG flashes located by the

kUNYA hetwork during the same interval.

Along with most of the lightning responses either located as CG flashes by

‘ NYA or indicated as some other type of isolated optical impulse by a WIPP sensor,
ere is usually an active, burst response in the rocket and balloon VLF wave channels
LE-R and VLF-B). This can be seen, for example, in the events occurring at
.58:19.8 and 3:58:21.2 UT in Figure 3.2. Note that the burst of VLF signal is slightly
; layed at the 390 km rocket Valtitude due to the low value of the whistler-mode prop-
ation velocity. This will be seen more clearly in Figure 3.5 later. The stronger radio
inpulses (atmospherics) of some lightning strokes can also be resolved in panels‘ A

ind B of Figure 3.2 where they appear as the more individual vertical lines in the Wal-

Up to this point we have been considering impulsive responses which we have

attributed to the strokes in typical lightning flashes. In addition to these, the rocket

sensor also detected some optical events which exhibited anomalous features not typ-

cal of any lightning. An example can be seen in Figure 3.2 starting perhaps at

3:58:22.41 UT, or more likely extending from 3:58:22.85 UT to 3:58:23.95 UT in the

rocket optical data (panel C).

There are considerably more optical impulses in this event than typically in
ightning events detected at the rocket, whether or not nearly simultaneous CG light-
ng flashes were located by the SUNYA network. Also, there are considerably more
pulses than the typical number expected either for IC lightning flashes (Kitagawa
d Kobayashi, 1958; Ogawa and Brook, 1964) or for CG flashes (Schonland, 1984;
homson et al., 1984). Furthermore, the intervals between most of the impulses in this

omalous event were much smaller than intervals in the multi-stroke lighting we

bserved, for example in the flash at about 3:58:19.8 UT in Figure 3.2 and discussed
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km were detected as well. (For reference, the line of rocket trajectory is about 50 pe most likely due either to IC or to CG lightning flashes missed by SUNYA. More

km.) ' than 500 such impulsive lightning responses were detected by the rocket and balloon
Five seconds of data from the Wallops VLF receiver on the ground, the rocke | sensors together, which is more than twice the number of CG flashes located by the
the balloon, and the SUNYA network are shown in Figure 3.2. Panels AandB (W - SUNYA hctwork during the same interval.
lops VLF) show the 0 - 20 kHz spectrum recorded by a ground-based VLF receiv ; Along with most of the lightning responses either located as CG flashes by
with a magnetic (loop) antenna. The C and D panels show the optical power (Opt- SUNYA or indicated as some other type of isolated optical impulse by a WIPP sensor,
and broad-band electric field (VLF-R), which is approximately perpendicular to tt , there is usually an active, burst response in the rocket and balloon VLF wave channels
Earth's geomagnetic field, detected at the rocket (-R). The E and F panels show t ‘ (VLF-R and VLE-B). This can be seen, for example, in the events occurring at
optical power (Opt-B) and broad-band vertical electric field (VLF-B) detected at th , ~ 3.58:19.8 and 3:58:21.2 UT in Figure 3.2. Note that the burst of VLF signal is slightly
balloon (-B). The bottom panel (SUNYA-G) is derivedzgorn lightning data record delayed at the 390 km rocket Ialtitude due to the low value of the whistler-mode prop-
by the SUNYA network on the ground. For multiple ﬂagilcs within a single lightnir : agation velocity. This will be seen more clearly in Fi gure 3.5 later. The stronger radio
flash, the SUNYA data includes the time and intensity of the first stroke and the stro ‘ impulses (atmospherics) of some lightning strokes can also be resolved in panels} A
multiplicity, which is indicated by a number written above the stroke. and B of Figure 3.2 where they appear as the more individual vertical lines in the Wal-
~ Seen at approximately 3:58:19.8 UT in Figure 3.2 is a typical multiple stro lops VLF (ground) spectrum.
lightning event detected by the Wallops VLF ground receiver, the rocket, the ballo Up to this point we have been considering impulsive responses which we have
and the SUNYA network. For this event, the SUNYA data located a lightning fla : attributed to the strokes in typical lightning flashes. In addition to these, the rocket
with six strokes at 41.089N, 72.657W (3:58:19.762 UT). At 3:58:19.835 UT, 73 sensor also detected some optical events which exhibited anomalous features not typ-
later, another individual flash was located at 40.702 N, 72.512W, about 45 km aw . ical of any lightning. An example can be seen in Figure 3.2 starting perhaps at
from the first one. Both of these lightning events were detected optically by the rock ' ~ 3:58:22.41 UT, or more likely extending from 3:58:22.85 UT to 3:58:23.95 UT in the
and balloon photodiode sensors. Three impulses due to the first or multiple evel rocket optical data (panel C).
appear in the rocket and balloon optical data, the time interval between those t r ‘ There are considerably more optical impulses in this event than typically in
impulses is within the range expected for intervals between multiple CG retu lightning events detected at the rocket, whether or not nearly simultaneous CG light-
strokes in a typical multi-stroke flash (Thomson et al., 1984; Uman, 1987). v _ ning flashes were located by the SUNY A network. Also, there are considerably more
Besides CG lightning events such as these, the rocket and balloon dete impulses than the typical number expected either for IC lightning flashes (Kitagawa

also registered many other impulsive optical events not indicated in the SUNYA _and Kobayashi, 1958; Ogawa and Brook, 1964) or for CG flashes (Schonland, 1984;

Examples include the impulse just after 3:58:21.2 UT in the balloon data (panel ~ Thomson et al., 1984). Furthermore, the intervals between most of the impulses in this
Figure 3.2) and those impulses between 3:58:22.5 and 3:58:22.9 UT which occ 7 ~ anomalous event were much smaller than intervals in the multi-stroke lighting we
both the rocket (panel C) and balloon (panel E) data. Since these particular imp observed, for example in the flash at about 3:58:19.8 UT in Figure 3.2 and 'discussed

are similar to others which were located by the SUNYA network, they are thoug above.




This particular anomalous optical event (AOE), which is one of about 23 sim
ilar events, lasted more than 1 sec (3:58:22.85 to 3:58:23.95 UT), a duration 10an<3
than that typical for multi-stroke lightning (Berger, 1977). As an additional distip
guishing feature, nearly continuous optical output is apparent from about 3:58:23 2 ¢
3:58:23.4 UT. Although this AOE produce‘d an enduring response with many fela
tively large-amplitude impulses at the rocket, correlated VLF signals received at bot
the rocket and balloon were relatively weak in comparison. The usual case of light
ning detected at the rocket or balloon is quite different. Usually an individy V
lightning stroke can be identified as a strong, isolated optical impulse that is accom
~ panied by an individual burst-like VLF response, also strong and isolated. This is alsi
true to those lightning strokes which are not associated with SUNYA responses.Fo;

example, note that several detected impulses between 3:58:22.7 and 3:'58:23.2 UTi

the rocket and balloon optical data (panel C and E of Figure 3.2) have no correspond

ing SUNYA responses. Nevertheless these can be associated with individual burst,
seen in the rocket and balloon VLF data. The distinction of the responses correspo

ing to the AOE and normal lightning on the rocket and balloon VLF panels will by

seen more clearly later in Figures 3.5 and 3.6. Furthermore, although the rocket VLI
signature of this anomalous source may be relatively weak (see also Figure 3.6 and

discussion), many impulses and much of the highly correlated, impulsive noise p

duced can be seen as clearly as lightning in the Wallops VLF ground spectrum (
two panels, A and B, of Figure 3.2)throughout the interval 3:58:22.4 to 3:58:23.9

Such anomalous VLF signatures recorded on the ground are characterized

an enhanced noise background which sometimes extends as much as 20 kHz abov
cutoff that always seems to be present at approximately 3.2 kHz. (Decreasing sen:
tivity due to a low-pass filter in the Wallops receiver adds whiteness just below
top edge of panel B.) In addition there are bursts of impulsive noise with some co,
ponents that last longer individually than the atmospherics normally attributed

individual CG lightning return strokes. With signals played through an audio amp

fier and loudspeaker, the sound of an atmospheric is normally a short, sharp crackt
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is quite different from the distinctive frying or sizzling sound (Burton and Boardman,
1933) produced along with the strongly clustered impulses in the VLF signature of
this and the other AOEs. In spite of their long-enduring overall signatures, it is still
likely that impulsive source discharges contribute to the AOEs.The impulsive noise
in such anomaious VLF signatures has also been considered by Armstrong (1989) in
terms of its spot-frequency radiation. He notes that this sort of impulsive noise may
be 5 type which accompanies other phenomena in which lightning and ionospheric

processes sometimes appear to be coupled under similar geophysical conditions.

The anomalous event now being discussed was also detected by the Reticon

array imager on the rocket. Figure 3.3 consists of several superimposed images of this
event taken in the rocket frame while the rocket was at about 395 km altitude and
rotating at a rate of about 1 rev/sec. An image of the AOE was first acquired at
3:58:22.952 UT (image 1) just before it went out of the field of view. It was seen again
from 3:58:23.061 to 3:58:23.387 UT (images 2 - 7) and then lost until 3:58:23.822 UT
(image 9). Only part of images 1 and 9 are éhown in Figure 3.3 because they occupy
the same Reticon locations. This optical source produced Reticon data for about 1 sec,
a duration substantially in agreement with the rocket optical photodiode data of Figure
3.2.The Reticon image of Figure 3.3 makes it apparent that this AOE was due to light
from a localized source. Assuming that the source was at cloud level, further analysis
indicates it was located at approximately 41.25N, 72.46W in the region labeled A in
Figure 3.1.

Three seconds prior to this anomalous optical event (AOE), the SUNYA net-

work located two lightning events in region A, as discussed above and shown in

~ Figure 3.2 at 3:58:19.762 and 3:58:19.835 UT. Although the Reticon imager and

SUNYA network independently show that both the source of the AOE and the source
of the lightning signals might have been in the same region A, panel C of Figure 3.2
(note log scale) shows that at the rocket, the anomalous optical signal had an ampli-
tude much larger than that of the lightning. As a matter of fact, the optiéal signal of

this AOE is relatively strong in comparison with that of all the lightning strokes reg-




istered at the rocket. In spite of this, and even though more than 90% of the SUNYA
located lightning events in region A were detected by the balloon photodiode sengg

this AOE was not detected by the balloon photodiode sensor. This implies that thy
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AOEs may not be produced by normal lightning.

Rocket Spin Motion
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Figure 3.3:  Relative amplitude contours derived from the Reticon array
imager data are shown for the anomalous optical event (AOE) detected by the
rocket optical photodiode sensor at about 3:58:23 UT in Figure 3.2. As the AO
evolved in time, nine images were taken between 3:58:22.952 (image 1) and
3:58:23.822 UT (image 9). The rocket was rotating about 1 rev/sec on an axis

nearlgf arallel to the local geomagnetic field, and moved between altitudes
of 395.15 and 395.68 km during this interval. Since images 1 and 9 are in the
same location, only a part of each is shown. The maximum relative optical
intensity and contour interval spacing are given in the table for each image.
Intensity of the outermost contour is always normalized to the value 10.

Between 3:30 and 4:30 UT, an interval which included the rocket fligh
number of Trimpi amplitude-change events on the subionospheric VLF signal fr

the (45N, 67W) NAA 24.0 kHz transmitter were observed by the ground-bas
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Figure 3.4 Five seconds of data from the Wallops VLF receiver on the

ground, the rocket, the balloon, and the SUNYA network. Except for an
additional panel A here showing the amplitude of the 24 kHz NAA channel
on the ground at Wallops, this figure is identical to Figure 3.3. A subiono-
spheric VLF signal perturbation (Trimpi event) occurs between about
3:56:59.8 and 3:56:60.2 UT in panel A while below it in panel D, an anom-
alous optical vent (AOE) is ending after a duration of about 1 sec. During
the (Trimpi) perturbation, the average NAA signal strength increases from
about 57% to 61%,exclusive of the peak (3) which is discussed in the text.
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¢ WIPP data set itself. We have conducted a study of 23 such AOEs. Specifically,

receiver at Wallops. Irregularly, each of these events was accompanied before and/, onth
during the rise of the amplitude perturbation by a burst of impulsive VLF noise simj] these events have the following notable characteristics:

to that which accompanies the AOE between 3:58:23.2 and 3:58:23.4 UT in panelsk (A) There are many more optical impulses in an AOE than in a typical multi-

and B of Figure 3.2. Furthermore, the NAA receiver channel (24.00 £0.15 kH: stroke lightning flash as seen by the WIPP rocket photodiode sensor and reported in

exhibited a characteristic, new feature in the form of a sharp peak in amplitude, al previous research (Ogaw.a and Brook, 1964; Schonland, 1984: Thomson et al., 1984).

near the onset of some of the Trimpi events, and in coincidence with such noise. Apa (B) The typical intervals between optical impulses in an AOE are usually

from this peak, the Trimpi events exhibit the rapid onset and slow decay (here typ shorter than the intervals typical between optical impulses which indicate the individ-

cally about 0.5 and 30 sec respectively) of previously reported cases (Inan sual' strokes of a multi-stroke lightning flash at the rocket. In many cases the AOEs

Carpenter, 1987). The entire WIPP set of Trimpi events is discussed further in a sej include continuous optical emissions which last tens of msecs or longer.

arate paper by Rodriquez et al. (1992). Two Trimpi events which both displayed th (C) Most AOEs last for more than 1 sec overall, a duration longer than that

sharp peak occurred during the rocket flight. Each is clearly associated with an AQ typical for individual, multi-stroke lightning events as seen at the WIPP rocket and

detected at the rocket, and one example is presented in Figure 3.4. reported in previous research (Berger, 1977; Brook and Ogawa, 1977).

Except for the addition of a new panel A, Figure 3.4 has the same format (D) The anomalous optical signals received at the rocket have large ampli-

Figure 3.2. Panel A in Figure 3.4 shows an amplitude record of the NAA cha "tudes which compare with or even exceed those of typical lightning strokes at the

received on the ground at Wallops. Among others, the responses at about 3:56 rocket.

and 3:56:59.5 UT in panels B, C and D of Figure 3.4 show characteristics similar { (E) Even though the anomalous optical sources produce relatively stronger

those discussed above for the AOE in Figure 3.2. At about 3:56:60.15 (3:57:00. _optical responses in the rocket data, and are accompanied by many impulses, the

UT in panel A, and indicated by arrow (3), is a peak distinguishing the onset of a ‘ amplitude of the correlated radio activity in the rocket and balloon VLF channels is

VLF Trimpi amplitude increase. This peak appears to be associated with one of ot relatively stronger in correspondence. Instead, relatively stronger background

continuous optical components in an AOE in panel D. Upon examination, it can noise always appears in the Wallops VLF ground receiver, with a lower cutoff at

be seen that other amplitude peaks in the NAA channel, as indicated by arrows (1) about 3.2 kHz and. highly correlated, characteristic bursts of impulsive noise or

(2) at about 3:56:57.3 and 3:56:59.2 UT in panel A, apparently occur preferenti embedded clusters of VLF impulses that are relatively long-lasting individually.

during other AOEs in panel D. (F) No AOEs of any kind were detected by an optical photodiode sensor on

As discussed previously, an anomalous optical event (AOE) consists of ¢ any balloon flight.

tinued clusters of optical impulses and/or continuous optical emissions wh The WIPP rocket collected data for about 10 minutes over an altitude range of

correlate in great detail with characteristic impulsive noise, primarily in the Wall 150 km (up: 3:55:19 UT; down: 4:03:33 UT) to 412 km (3:59:26 UT), during which

VLF ground spectrum above a cutoff at about 2.3 kHz. We count clusters of impul  the balloon maintained an altitude of approximately 31 km. The first AOE was

or continuous emissions as part of a single, continuing AOE as long as the interv. detected by the rocket photodiode sensor about 10 sec after data collection began,

in between are less than 200 msec. This value is chosen somewhat arbitrarily b? when the rocket altitude was approximately 170 km. Intervals between successive




occurrences of the AOEs are about randomly distributed between about 1 and 36 se

3.3 DISCUSSIONS

In this section we will discuss all the possible sources which may; within o
knowledge, be responsible for the anomalous optical events (AOEs) detected byt
photodiode sensor on the WIPP rocket. We will show that the AOEs are real atm,
spheric phenomena instead of effects due to spurious sources. We will also prese
reasons suggesting that these AOEs are neither normal lightning discharges nor sor
other well-known atmospheric phenomenon.

Since a great majority of the SUNY A-located lightning flashes were detect
optically by the photodiode sensors on both the WIPP rocket and balloon, both se
sors are believed to have functioned correctly. Such optical sensors have been usi
successfully on 14 balloon flights, and the data of this balloon flight are consisté
with those recorded on other flights in similar situations. Even with smaller fields
view, the two photometers and the Reticon imager on the same (WIPP) rocket
able to detect some optical events that are well-correlated with photodiode AOE
natures. (A Reticon example shown in Figure 3.3 has the same duration and inten
evolution as the corresponding photodiode AOE response.) These concurrent obse
vations of individual cases strongly imply that the AOEs being considered are not
to any sort of instrumental malfunction. |

| Components in all of the AOEs were correlated with significant clusters
individual VLF radio noise impulses that were strong in the Wallops ground s
trum. This implies the simultaneous generation of VLF radio emissions, and sh
rule out any possibility that a spurious effect in the local rocket environment, suc
optical emissions by the rocket motor, is somehow responsible for producing
AQE:s and/or the correlated radio noise.
It is not likely that the anomalous optical events (AOEs) were due solely &
cumulative effect of numerous lightning flashes occurring in a nearly simultane

sequence over a vast area. Since there are so many optical impulses in each AO
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hese were due to some curulative effect of normal lightning flashes, a number of

very active thunder-cloud cells would have to be involved. Collectively, these would

probably have to transfer huge amounts of charge during the typical 1 sec course of

an anomalous event. Also, however, the visual fields of the photometers and the Ret-
icon imager were each just a few hundred km in lateral dimension on this flight, and
weather records appear to show that they did not include many active thunder-cloud
cells. Furthermore, those AOEs seen by the Reticon imager appeared quite clearly to
be single, isolated and spatially continuous sources.

k Continuing electric current in the channel of a CG lightning discharge some-
times can produce continuous low-level luminosity which lasts several hundred msec
(Kitagawa et al., 1962). But the continuing current in CG lightning is not likely to be
he source of these relatively bright AOEs. Most negative CG flashes include at least
one short- (i.e. shorter than 40 msec) or long- (i.e. longer than 40 msec) continuing

éurrent component and roughly 50% of them have a long-continuing component

(Uman, 1987). Therefore, many of the 178 lightning events located by SUNYA in

Figure 3.1 and detected optically by the rocket should have had a component of con-

tinuing current. However, most SUNYA-located lightning detected optically at the
rocket showed no evidence whatsoever of any apparently‘continuous optical feature.
This could be an indication that the luminosity of a continuing lightning current is
sually much weaker than that of a stroke, and is therefore too weak to be detected by
the rocket photodiode sensor. On the other hand, the components of continuous opti-
cal emission in an AOE usually had an amplitude comparable to or even much greater
than the typical amplitude of an optical impulse due to a SUNYA-located stroke.
AOEs, therefore, do not seem to be caused by continuing currents in CG lightning.

Compared with CG lightning, IC (intracloud) discharges may have a relatively

_longer duration and may often include a continuing current component as well (Ish-

"yikawa and Kimpara, 1958; Brook and Ogawa, 1977). However, the AOEs we are

discussing here have features unlike those of IC lightning. The reported duration of




and Kimpara, 1958; Ogawa and Brook, 1964; Mackerras, 1968), values which af
‘about 50% of the typical duration of the AOEs. Also, the uniquely small and rapid k
electric-field change detected for IC lightning reportedly corresponds directly to 4
optical impulse of the IC stroke (Kitagawa and Kobayashi, 1958), and many mof
optical impulses are detected during a typical AOE than there are K changes detecte
in an IC flash (Ogawa and Brook, 1964).

In connection with Figure s 3.2 and 3.4 we have shown that in comparison ¢

the relatively stronger optical signal during an AOE, the rocket and balloon receiver
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Figure 3.5:  An expanded, 100 msec view with five Bpanels showing optical
Opt-R and Opt-B) and VLF data (VLF-R and VLF-B) from the rocket and

balloon. VLF-R shows two of the delayed VLF signal bursts detected at the
rocket in response to located strokes in the lightning data (SUNYA-G). Such
VLF signatures and the frequency dispersion shown are characteristic of
whistler-mode propagation and are expected high in the jonosphere. Thi
same period is indicated by the two left-most arrows under panel D in Figur
5.When comparing previous figures, it is important to note the change to lin-
ear ogtical amplitude scales here and in Figure 3. 7. The time resolution of th
Opt-R data is 1/4 msec, that of VLE-R, Opt-B and VLF-B is 1/16 msec. Re-
active accuracy and resolution of the SUNY-G data are the same: 1 msec.

always detected VLF radio signals that were relatively weaker than those due to typ-

ic
mgh-altitude rocket differ significantly from the temporal evolution and time of

al lightning strokes. In addition, the weaker, AOE-correlated VLF signals at the

arrival of the characteristic VLF signal bursts typically due to a lightning stroke. We

now pursue this aspect of the VLF radio observations.

DY B - G a—
3:56.:57 TIME{seconds)

ut 3:56:57.180 To 3:56:57.200

Figure 3.6: _An expanded, 100 msec partial view of an anomalous optical
event (AOE) shown in Figure 3.5. All panels here are identical in format to
those in Figure 3.5, but more amplitude sensitivity has generally been used to

lot these data. Average rocket altitude was 318 km. This same interval is
indicated by the two right-most arrows under panel D in Fig.3.5.

In response to most lightning strokes, including those which did not have
SUNYA corresponding indications, the rocket detected uniformly delayed VLF sig-
nals having a dispersive feature. Such signatures are expected for whistler-mode

propagation high in the ionosphere (Maynard et al., 1970). As examples, two
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SUNY A-located lightning events which occurred between the two left-most arro - 2l burst. Note that the second SUNYA impulse at 3:56:56.848 UT appears to be late

under panel D in Figure 3.4, are shown with high-resolution timing in the 100 mg he maximum allowable timing error (1 msec) essentially because the WIPP and

by

interval 3:56:56.8 to 3:56:56.9 UT in Figure 3.5. From top to bottom, Figure 3 e network sample-accumulation time bases were not synchronized.

shows five panels with the optical and VLF data from the rocket (Opt-R and VLE.
and the balloon (Opt-B and VLF-B), as well as the SUNYA lightning data on ¢

Dispersive VLF signal bursts were also received at the rocket for other

:~'~SUNYA lightning located in more distant areas. In comparison with lightning, how-

ground (SUNYA-G). When comparing with previous figures, It 1s importatt € 22 _ever, most impulses and continuing emissions in the anomalous optical events

# change to linear optical ampliiude scales here and tn Figure 3.6 AOEs) were not associated with such apparent whistler-mode signals in the rocket

SUNYA locaied the frst lightning event In Flgure 3. ar 42636 T 642 VLF data. As an example, the 3:56:57.1 to 3:56:57.2 UT portion of an AOE indicated

ond the second at 4LO0Z T, T2.743W. Distances to the xocket {aldrade 310 ki by the two right-most arrows under panel D in Figure 3.4 is shown in Figure 3.6.Fig-

palloon (altiride 31 ken) were approxizmately the same for th first locarlon, sy  ure 3.6 has different amplitude scales, but otherwise uses the same high-resolution

ke Thus, after about 2.2 msec st nominal 300 ka/imsec, the optical impibie s | timing and overall format as Figure 3.5. No obvious component having the delayed

*lmost smultancously at the rocket and the balloon. At the rocket, howeve 8 arrival time and characteristic temporal evolution of the dispersive rocket VLF signal

was high n the lonosphere, the earliest VL response is observed to begin at dbe _ bursts appears in Figure 3.6. Spectral analysis of the rocket VLF data during the AOE

3:56:56.82 UT, almost 4 msec after the optical impulse. Evidently this VLF comp of Figure 3.6 shows that it is only an enhanced band of apparently random noise

nent propagated much more slowly at about 650/6.2 = 105 kmymsec. between about 6 and 8 kHz, with no particularly coherent spectral forms like that

An individual, rocket VLF signal burst like those in Figure 3.5 usnally begg shown by Maynard et al. (1970; their Figure 3.5) which indicate the typical whistler
with oscillations at a frequency as high as about 24 kHz in these Poases o1 or other identifiable dispersion.This type of 6 - 8 kHz AOE noise is relatively weak

signal evolves, an amplitude peak with periodic oscillations in the range of 2 - 8 in the balloon VLF data, perhaps because the balloon receiver had a lower effective

which is the typical range of maximum power density here, appears about 10 sensitivity, or because the vertical alignment of the balloon antenna interacted with

fater, and after about 20 msec, oscillations at about 0.5 kHz appear (the carliest exf more complicated VLF mode or polarization effects (Turtle et al., 1989).

ple in Figure 3.5). Since the rocket E-field antennas were maintained perpendicul ' In some AOES, the rocket occasionally received a few dispersive VLF signals.

the local geomagnetic field line, this frequency dispersion can be taken as typical When there were not corresponding optical signals detected at the balloon or on the

dence of transverse whistler-mode signals (Maynard et al., 1970) propagating alo _ ground, it is impossible to tell whether these VLF waves were generated by the com-

geomagnetic field line to the rocket. The time delay and dispersion of the Whistit ponents of AOE or individual lightning flashes in other areas. Examples are the VLF

nal both become much larger as it continues along the geomagnetic field up to m bursts seen in the rocket and balloon wave panels (D and F) at 3:58:23.210 and

higher altitudes. Other examples of such lightning-generated, dispersive whistler 3:58:23.390 in Figurev 32.However, it is significant that for many strong optical

nals detected by rocket VLF receivers have been reported by Kelley et al (19 impulses occurring within an AOE, the rocket still did not detect any obviously dis-

Figure 3.5 shows a second case with the 3:56:56.847 UT starting time best define persive signals. If the AOEs were due to normal lightning flashes, this would be very

the balloon optical impulse, and deeper nulls in the envelope of the evolving VLE * hard to explain. It also indicates that some relatively strong optical and electromag-



netic radio impulses must have originated independently of any identifiable lightni
stroke. ‘
Most SUNY A-located lightning flashes which produced optical impulses

the rocket data 'were detected optically by the balloon photodiode sensor as wel]

the same rocket data, AOEs often appear with relatively larger optical amplitude th

| typical SUNYA-located and other lightning optical impulses. This means that
AQE source at cloud altitude would have to have an optical power comparable to
greéter than that of normal lightning, and that the balloon would be expected to det
such AOE signals nearly as often as they appear with relatively larger ampli_tude;
the rocket. It should be emphasized that in comparison with the rocket photodrk
sensor, the photodiode sensor on the balloon showed no significant deficiency i k
ability to detect distant lightning located by the SUNYA network, even though t
balloon was at much lower altitude. Not only did the balloon payload detect mo
the flashes which SUNYA located in regions A and B dn the coastline to the northe;
of Wallops (Figure 3.1), but also most of the SUNYA-located flashes scattered
other directions. Verification of this sort indicates that the‘ balloon photodiode's
mal capability for detecting weak optical impulses from distant lightning was usu
or always available 6perationally, and was not dependent on any special viewing
uations (for example, due to moving clouds) that may have been advantageous
occasionally.

This last point can be verified by considering the angular sensitivity func
of the balloon sensor. From 31 km altitude, the effective horizon is about 600 km
tant, and with the established observing angle of about 84.4° between the horizon
the axis of the aperture normal at the balloon sensor, we can see from Figure 2.1
for an incident angle of 86°, the normalized sensitivity is about 8 x 107, Base
a minimum detectable optical power of 300 pW, with 8 x 107* angular attenuat
the balloon sensor can still detect a source optical power of 4 x 107 kW at a dist
of 1000 km. Since the optical power of lightning is often in the range of 10° - 10®
or even larger (Christian et al., 1984; Turman, 1977; Turman and Edgar, 1982).

xpl

alloon sensor has enough sensitivity to detect many lightning flashes at cloud alti-
de more than 600 km distant.
| Optical impulses from lightning in region B of Figure 3.1 were apparently
ver the horizon' at the balloon, but were detected nevertheless. This may be
ained by the following two facts: (1) lightning flashes can occur at least up to the
itude of cloud tops near the tropopause at 15 km, for which the source altitude
ffectively extends the true line-of-sight distance from the balloon to more than 1,000
_(2) Since light from distant sources may be refracted by spatial changes in the
tmospheric index, the effective line-of-sight could be extended beyond the horizon
y réfraction (McCartney, 1976). Nemzek and Winckler (1989) have detected some
ief (about 2 msec), isolated optical impulses due to Rayleigh-scattered light, appar-
ntly from distant, radio-correlated lightning. Note that these isolated impulses are
ery different from the long-enduring anomalous optical events (AQEs) being dis-
ussed here.

As mentioned previously, the rocket and balloon photodiode sensors often
etected lightning-like impulses with no corresponding indication by the SUNYA
etwork. Some of these optical impulses might be due to IC lightning flashes, but
V'thout data to speciﬁcally distinguish IC flashes from those CG flashes which were

missed by the network, it is impossible to establish the rocket and balloon sensors'
fficiency for detecting IC flashes. This does not change the fact that the balloon sen-
or should have detected at least some optical sources in those regions where it
etected most of the SUNYA-located CG flashes, provided only that the optical
ources, whether IC flashes or not, all had optical power comparable to the average
G flash located by SUNYA.

Of the 23 anomalous optical events (AOEs) identified in our rocket optical
photodiode data, 8 events were also detected by the Reticon array imager carried by
the rocket. It is possible that the imager missed the other 15 events because its field
of view was smaller and its scnsitivity and time resolution lower than those of the pho-

iodiode sensor. Under the assumption that the anomalous sources occurred at cloud




altitude, locations for the 8 events have been determined from the Reticon data, ap

still closer to the rocket and the balloon.

All these anomalous sources were within the region for which the ballog:
detected more than 90% of the SUNY A-located lightning. It should be re-emphasize
here that the optical signals of AOEs were always at least as strong as those of typié,?
SUNY A-located CG lightning flashes and other unlocated flashes, which include POs
sible IC flashes, as detected at the rocket. Therefore if the AOEs were due to CG é
IC lightning discharges, or any other strong sources within sight of the balloon, ;
least some of them should have been detected at the balloon. In actuality, howeve
even though the rocket photodiode sensor recorded about 23 AOEs during the
minute WIPP rocket flight, the balloon detected no such events during 5 hours o
flight. Furthermore, no AOEs of the WIPP type, nor any similarly anomalous opti
signature were ever detected by a balloon photodiode sensor on any of five oth
flights, each conducted under similar experimental conditions and typically 30 timk
longer than the WIPP rocket ﬂight (two balloon flights in 1988 are included).

Although it cannot be ruled out completely, it is extremely unlikely that all c
the balloon photodiode sensors somehow failed to detect all such anomalous opti
sources occurring beneath them, even though such sources appeared to have str
optical power. Responses that are excluded so definitively from detection at the b
" loons suggest, most simply, the possibility that the anomalous optical sources were
located above the balloon sensors, that is, primarily above 30 km altitude. |

There are several natural optical phenomena which occur at altitudes over
km in the mid-latitude atmosphere. Meteors, for example, can emit light in an altitu
range of tens to hundreds of km. It is typical for an emission of meteor light to be
smoothly, increase to a maximum in about 1 sec, and then drop abruptly to zero (J
chia, 1949). Although brief, explosive increases of light emission occur for so
meteors, such flaring usually appears only occasionally during a meteor's fall. Thi

are meteor optical features which do not resemble those of the WIPP rocket AO
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foreover, the flaring of meteors always occurs below 100 km (Jacchia, 1949), and if

ﬂve assume an anomalous source like the example in Figure 3.3 to be located at 100

-m, then the altitude, viewing angle and image data of the Reticon imager give a
source dimension on the order of tens of kilometers. This is much larger than the typ-
cal value of a few hundred meters for the luminous gas cloud of a meteor (Heide,
957). Also, we are unaware of any evidence or mechanism suggesting that meteors
could produce the clusters of impulses and other VLF radio noise correlated with sig-
ﬂiﬁéant components in all of the AOEs. We conclude, therefore, that the anomalous
optical events do not seem to be due to meteors. Bursts of energetic electrons precip-
itating from the magnetosphere into the mid-latitude atmosphere can be a dominant
ionization source at night in the altitude region near 80 km (Vampola and Gorney,
983). Such particles can produce measurable amounts of light above balloon alti-
tude. Optical power incident on the rocket photodiode from such a source can be
éalculated. Let us take 10_3erg/ cm? (Voss et al., 1984) as the energy flux of precip-
‘itating electrons, a factor of 107> as the efﬁéienpy of converting particle energy to
optical wavelengths for an auroral case (Omholt, 1971), a deposition altitude of 80 km
(Vampola and Gorney, 1983), and a target region of several tens of km as estimated
from the Reticon imager data above. These values give an optical power due to a burst
of precipitating electrons that is smaller by a few orders of magnitude than the optical
power detected by the rocket sensor for an AOE component of duration equivalent to
that of the burst. Particle precipitation therefore seems unable to account for the
amplitude of the AOEs, and so precipitatibn does not seem to be a very likély source.
| Itis also important to note that the observed properties of the WIPP anomalous
optical events (AOEs) do not resemble those of night-time airglow (Hargreaves,
1979) or those of fast atmospheric light pulsations (O gelman,1973; Tiimer, 1982).
 The mean value of the albedo for clouds of various types and thickness is 0.50
- 0.55 (Robinson, 1966).For very bright optical sources at high altitude above the bal-
loon, one could imagine that the balloon detectors might have detected some

reflections from the cloud tops. Since no such signature of the AOEs has been identi-
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fied in the balloon data, it may be that the AOEs are actually weak optical sourc 3.4 CONCLUSIONS

even though they appear to be strong in comparison with normal lightning in 1. Twenty three anomalous optical events (AOEs) were detected by a rocket-

rocket data. If AOEs are due to the high altitude sources, the apparent intensity at th porne optical photodiode sensor in the WIPP campaign. These events have optical and

rocket could be relatively stronger while, in fact, the optical power was weaker th; radio signatures which imply that they might not be due to normal lightning, or to

that of the normal lightning near the ground. This is consistent with there having bee ome other previously reported optical phenomenon in the atmosphere.

S

no ground based observations which have the signature and characteristics of AOE 2. The AOEs were not detected by any balloon-borne optical photodiode sen-

Their unique optical signatures and the highly-correlated VLF radio sign‘;‘ o, a fact which is consistent with their occurrence above balloon altitude (30 km).

tures all suggest that the anomalous events we are concerned with here may be relate 3. The AOEs were caused by localized sources and are always associated with

to some kind of discharge process. Our observations show that this proposed characteristic, broad-band VLF noise and other impulsive signals. If amplified, these

charge process apparently is one that is not often associated with whistler-mode VL. “‘atmospherics' produce abnormal sizzling sounds in audio system. Their appareqtly
signal bursts like those which propagate up a geomagnetic field line to the rocke ; kanomalous optical power and the form of their temporal evolution suggest that the

association with normal lightning. Since there is the possibility of a correla AOEs might be related to a discharge process.No apparent whistler-mode VLF bursts

between some of the subionospheric VLF signal amplitude changes (Trimpi eve were detected at the rocket in association with most optical impulses in the AOEs,

seen on the ground at Wallops and some of the AOEs, some of the latter are perh unlike the case vof lightning strokes which normally did produce the characteristic
accompanied by simultaneous perturbations of the in situ electron concentration whistler-mode bursts.

distribution at high altitudes in the atmosphere or lower ionosphere. This could a 4. Since an AOE sometimes seems to have an association with a subiono-

suggest a discharge. spheric VLF signal perturbation (Trimpi event), AOEs might sometimes be linked to

Several writers have mentioned the possible existence of high-altitude a disturbance of the electron concentration in the high-altitude atmosphere or lower

charges, that is, long discharges sometimes reaching upward from the top of : ionosphere.

troposphere toward the bottom of the ionosphere (Wilson, 1925; Boys, 1926; Chal While AOE:s of this type are difficult to locate at any specific altitude, we con-

ers, 1949). Some evidence which may indicate this type of discharge process has b clude that they provide consistent evidence that high-altitude discharges occur much

reported by Rumi(1957) in the form of numerous, unusually sudden and otherw _more frequently than previous research has suggested.
anomalous VHF radar echoes. More recently, Armstrong (1987, 1988) has found r
son to suggest that such upward or high-altitude discharges may play a role
triggering the source discharges of some whistlers that are observed to be synch
nized. In this context, the anomalous optical events (AOEs) observed by the
rocket photodiode sensor, which have signatures very different from those of o
optical sources reported previously, might be further evidence for high—altitude ]

charges.
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of the magnetic field (Orville et al., 1987 ). This lightning current intensity determined

CHAPTER 4

THE CORRELATION BETWEEN THE AMPLITUDE OF
LIGHTNING-GENERATED VLF WAVES IN THE IONOSPHERE
AND THE SUNYA LIGHTNING CURRENT INTENSITY

by the SUNYA network was in good agreement with that determined by other direct

peak current measurements (Henderson et al., 1988).

The relations between lightning and whistlers have been studied by some

4.1 INTRODUCTION Workers. It was found that the lightning strokes with relatively higher energy content

Lightning-radiated fields in the earth-ionosphere waveguide have be}k were more likely to be whistler sources (Norinder and Knudsen, 1959; Helliwell et

actively studied for decades (Kimpara, 1963; Pierce, 1977; Nanevicz et al., 1 ., 1958). In a case study, a linear relation was found between whistler amplitude in

Boulch and Weidman, 1990). In the fields radiated from cloud-to-ground ligh the 4 to 6 kHz range and the amplitude of lightning radiated field in the same

flashes, the principal energy in the very-low-frequency (VLF) range is produced | frequency interval (Weidman et al., 1983). A linear relation between lightning

the lightning return strokes (Kimpara, 1963). Generally, return strokes dominate ntensity and the two-hop whistler amplitude over part of the whistler frequency range

lightning-radiated fields up to a frequency at 300 kHz (Pierce, 1977). A s _was also found by Carpenter and Orville (1989). These observations implied that

fraction of the VLF energy generated by lightning strokes can couple into stronger lightning strokes would inject stronger VLF waves into the ionosphere.

whistler-mode waves at the lower boundary of the ionosphere and propagate thro However, in comparison with lightning-generated VLF waves in the earth-ionosphere

the ionosphere. These whistler-mode waves can grow in amplitude thro waveguide (i.e. spherics), much less studies have been conducted on the lightning-

i i i i i orts on the
interaction with magnetospheric particles and return to the atmosphere as whis generated VLF wave in the ionosphere. Thus far there have been no rep

(Kennel and Petschek, 1966; Etcheto et al., 1973; Helliwell, 1967). elation between the lightning current intensity and the amplitude of lightning-

Strong cloud-to-ground lightning strokes usually bring a large amoun: _generated VLF waves in the ionosphere.

electric charges to earth and have strong electric current intensity in their re In the WIPP and Thunderstorm II campaigns, the amplitudes of VLF waves

strokes (Uman, 1987). In the early studies of lightning-associated phenomena, generated by hundreds of cloud-to-ground lightning flashes were measured in the

relative strength of lightning flashes was normally determined by the peak ele jonosphere by rockets (see Chapter 2). The current intensities of these lightning

field in the atmospherics generated by the flashes (Norinder and Knudsen, 1  flashes were also measured by the SUNYA lightning network. These measurements

Helliwell et al., 1958). In the last decade, a lightning detection network, SU  provide us with a good opportunity to investigate the relation between lightning

network, was developed in the eastern United States (Orville et al., 1983, 19 current and the amplitude of lightning-injected VLF waves in the ionosphere.

Lightning-generated signals are received by crossed loop antennas of this net In this chapter, we performed a Fast Fourier Transformation (FFT) on the

ic fi i i ts and obtained
and processed to give information on the first stroke peak magnetic field, multip] LF wave packets received by the WIPP and Thunderstorm II rockets an

of strokes within the flash, and flash location (Orville et al., 1983). A peak curr some spectra of lightning-generated VLF waves in the ionosphere. With these

the first return stroke of each lightning flash is then calculated from the measur spectra, we investigated the linear correlations between the SUNY A lightning current

and the wave amplitude at each frequency. Our goal in this chapter is to answer the
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following questions. o select as many clean wave packets as possible, we took the data sequence length
1) Do lightning flashes with stronger current measured on the ground aly o be the length of each wave packet, then padded the data sequence with constants to
produce stronger VLE waves in the fonosphers? What frequency compoies . :fstandard length before performing the FFT.The standard sequence lengths for the

lightning-generated VLF waves in the ionosphere have most significant response _ 1PP and Thunderstorm II data were chosen to be 60 ms (3840 points) and 20 ms

the lightning current? These questions have not been previously answered. 400 points) respectively.

2) Can the lightning current measured by the SUNYA network be used . The addition of padding constants affects the spectrum amplitude from the
normalize the amplitude of lightning-generated VLE waves in the ionosphere?k ' EFT. To compare different spectra, an amplitude compensation factor, which is

some of our other studies, we need to organize the data to eliminate the effect related to the length of the padded sequence, must be applied to the FFT output.

source strength on the amplitude of waves in the ionosphere. The SUNYA current w ' Normally, the amplitude compensation factor is (N+M)/N, where N and M are the
the only available measurement of the strength of lighting flashes, so it is import lengths of the data sequence and the padded sequence respectively (Brault et. al,
for us to know how effectively the SUNYA current can be used to normalize the v 1971). When a numerical window is applied in the FFT, however, the compensation
amplitude. ' ; ' factor may be different from (N+M)/N (see Appendix B). In our case; we performed
» the FFT on simulated data sequences with different padded lengths. Comparing the
42 DATA ANALYSIS nput and o‘utput from the FFT, the compensation factors for different padded lengths
To study the frequency spectrum of lightning-generated VLE waves i ' were calculated. These calculated compeﬁsation factors were then applied to the
ionosphere, a Fast Fourier Transformation (FFT) was performed on more thag | spectrum of each wave packet. The calculated compensation factors are given in
hundred lightning-generated VLF wave packets received at the WIPP Appendix B.
Thunderstorm II rockets. In many cases, the wave packets received by the ro K j The frequency spectra of 153 and 227 VLE wave packets received by the

from different strokes were overlapping. It is not convenient to separate the WIPP and Thunderstorm II rockets, respectively, were obtained. From these spectra,

spectra contributed by different sources. Therefore, we selected only those “c we can investigate the effect of the lightning current intensity on the amplitude of the
wave packets which did not have obvious overlap with others. ~. waves at each frequency. To see this effect, other factors which could also affect the .
~ So that all the spectra have the same frequency resolution, an identical . wave amplitude measured by the rockets must be considered. »
sequence lgngth should be used to perform the FFT for all the wave packets. F ' ‘ The waves generated by lightning usually have propagate d in the earth-
WIPP data, this would require the data sequence to be as long as 60 ms, whic - ionosphere waveguide over a certain distance before entering the ionosphere
“about the length of VLF wave packets received at the rocket apogee. However, ' elliwell,1965) The wave amplitude in the ionosphere is related to wave

a fixed data sequence length would exclude some clean wave packets recetv - propagation in the earth-ionosphere waveguide. This effect depends on the orientation
lower altitudes. This is because in many cases clean wave packets were SO cl _ of the path, the earth surface topography, the ionospheric boundary conditions and

other waves that a fixed data sequence length would include other unwanted - other waveguide conditions (Alpert, 1967; Wait, 1986).To reduce the differences in




these waveguide propagation effects, we divided the wave packets into £roups

according to their geographic locations. We assumed that the waveguide effect w
identical for the waves from a localized area which had a scale size much smaller th
the wave propagation distance. Three groups of waves from three localized areas (o
from WIPP and two from Thunderstorm II respectively) were then studi
individually.

The VLF waves are subjected to attenuation in the ionosphere due to
collisions between the electrohs and neutral particles. This attenuation is strongest
altitudes below 120 km, where there is a large population of neutral particles and
collision frequencies are higher (see Chapter 7). Above 200 km, the wave attenuati
is not significant and can be ignored. The amplitude of waves received by the rock
is also related to the refractive index in the local ionospheric medium. The refracti
index of VLF waves changes greatly with altitude in the ionosphere. Because
selected wave packets were received at different altitudes, the effect of the change
refractive index on wave amplitude has to be taken into account. .

The average Poynting flux of a harmonic electromagnetic wave is (Jacks
1962)

where E is the amplitude of the wave's electric field, B* is the conjugate of the wavi

magnetic field, § is the Poynting flux of the wave, | is the magnetic permeabil;

In a medium with a refractive index n, we have

B = nE/c,
where c is the speed of light. For parallel propagation, equations (4.1) and (4.2)

2CS1/2
E=(L;) .

The wave refractive index can be approximately calculated using the Appl

55

Hartree formula in the magnetoionic theory (Budden, 1985). Under a quasi-

f' Jongitudinal condition, which is usually valid for VLF waves at altitudes above 150

km (Helliwell, 1965), the refractive index can be approximated as
- -1/2
n(z) = 0,2 (0,2 0) : (4.4)

where ©_, isthe electron cyclotron-frequency, ® is the plasma frequency, ® is the

wave frequency and z is the altitude. Using equations (4.3) and (4.4), we get

AwB (2) 1/4

E(z) = (_n—_(—gj_

4.5)

where n, is the electron density, B is the geomagnetic field and

A= (quzc) /T Assurning there is no wave energy loss in the ionosphere, A
can be considered approximately constant with altitude.

In order to account the effect of refractive index changes, we have used
equation (4.5) and an ionospheric electron density profile to normalize the amplitude
of waves received at different altitudes. The electron density profile used was
calculated from an International Reference Ionospheric model, which, shown in
Figure 1.1, was very close to the electron density profile measured by a companion

rocket during the WIPP campaign.

4.3 RESULTS

The sampling rate of the wave data from the Thunderstorm II rocket was 10

 kHz, so that frequency components of the waves from 0 to 5 kHz could be

investigated. During the Thunderstorm IT rocket flight, two active lightning cells were

located by the SUNYA network within a range of several hundred kilometers from

the rocket. Figure 4.1 shows the source location of these waves received by the rocket
at altitudes between 200 km and 333 km. Twenty two wave packets generated by
lightning in the area labeled B in the figure were selected in our study. From this wave

group, we calculated the linear correlation coefficients between the lightning current




intensity recorded by the SUNY A network and the wave amplitude for 100 frequén
components from O to 5 kHz. The result is shown in Figure 4.2.

The two dashed lines in Figure 4.2 represent the 99% and 95% confiden
levels. It is seen in this figure that the correlation coefficients at frequencies from (
to 2.5 kHz are mostly higher than the 99% confidence level. From 2.5 to 5 kHz,
correlation between the wave amplitude and the SUNYA current appears to
relatively weaker, but are still significant at most of the frequencies. For this lightni
group, the wave amplitude in the ionosphere apparently has a significant line
responses to the SUNY A lightning current at most of the frequencies from O'to 5 kH

The positive correlation between the lightning current intensity and the wa

T6W

K N

Projection of ’
, rocket trajectory |

36N

T6W 74W

Figure 4.1: The source location of VLF waves received by the Thunderstorm
I rocket at altitudes between 200 km and 333 km

Linear Correlation Coefficient

2 3
Frequency (kHz)

Figure 4.2: Linear correlation coefficients between the amplitude of
lightning-generated VLF waves and the lightning current intensity
measured by the SUNYA network. 22 lightning events in area B
(see Figure 4.1) were selected in the calculation. The two dash lines
indicate the 99% and 95% confidence levels.

amplitude can be directly seen from the data. ‘As examples, in Figure 4.3, we plot the

- SUNYA lightning current intensities versus the amplitude of waves at four

frequencies (1.0, 2.0, 3.4, and 4.6 kHz). Each point in this figure represents the wave
amplitude recorded by the rocket from a single lightning event as a function of the
lightning current intensity recorded by the SUNYA network. The electromagnetic
radiations from lightning strokes are not only related to the strength of the strokes, but
also the characteristics of the discharge channels (Newman, 1958). This, in addition
to other possible wave propagation effects, might have caused the divergence of the
data points in Figure 4.3. Nevertheless, a positive linear relation between the wave
amplitude and the SUNYA lightning current intensity can still bc clearly seen in the

figure.

For this lightning group, the linear correlation between the wave amplitude

and the SUNYA lightning current intensity is generally above the 99% confidence

evel at frequencies from O to 5 kHz (figure 4.1). It is therefore possible to fit the graph




of wave amplitude versus SUNYA current intensity (as shown in Figure 4,2) t
straight line by the least-squares method.
Let E, be the amplitude of the kth frequency component and I the SU

lightning current intensity. The equation of the straight line fit is
E, = a,+bl,
where a, and b, are determined by the least-square method for each frequen

component. The regression coefficient b, in the equation indicates the rate of chan

of the wave amplitude with the lightning current intensity.We calculated

1.0 kHz 2.0kHz.
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Figure 4.3: The relation between the amplitude of lightning- generated VLE w
in the ionosphere and the intensity of lightning current intensity detected by
S&JNYA network. Four frequency components at 1.0, 2.0 3.4 and 4.6 kHz ar
shown ‘
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Figure 4.4: Regression coefficient of the amplitude of VLF waves
- in the ionosphere and the SUNYA current intensity. 100 frequency
components from 0 to 5 kHz are calculated. The result shown has
been smoothed by using a 7-point running average along the
frequency :

egression coetficient for 100 frequency components between 0 to 5 kHz. The result,

_which has been smoothed by conducting a 7-point running average along the

frequency, is shown in Figure 4.4. It is seen from the figure that the rate of change of

VLEF wave amplitude with lightning current intensity peaked at a frequency between
1.5 kHz and 2.0 kHz. The rate of change at frequencies below 2.5 kHz is higher than

at at higher frequencies. This indicates that frequency components below 2.5kHz

_lightning current measured by the SUNY A network.

With the same configuration as that of Figure 4.2, Figure 4.5 shows the linear
correlation coefficients calculated from another wave group. This group includes 36
wave packets generated by lightning strokes located almost directly below the
Thunderstorm I rocket (area A in Figure 4.1). These waves were also received at
altitudes from 200 km to 333 km. For this group of lightning, the linear correlaﬁon
between the wave amplitude and the SUNYA current intensity is above the 99%

confidence level at most of the frequencies between 0.2 to 2.5 kHz. From 2.5 kHz to
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Figure 4.5 Linear correlation coefficients between the amplitude of

VLF waves and the lightning current intensity measured by the
SUNYA network. 36 lightning events in area A (see Figurg 4.1)

were selected in the calculation. The dash lines indicate the 99% and

95% confidence levels

Frequency (kHz)

Figure 4.6 Linear correlation coefficients between the amplitude of
lightning-generated VLF waves in the ionosphere and the intensity
of lightning discharge current detected by SUNYA network. 128
frequency components from G to 32 kHz are calculated. The dash
lines indicate the 99% and 95% confidence levels.
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0 kHz, the correlation becomes relatively weaker but are still mostly higher than or

close to the 95% level.

| ’The sampling rate of the VLF measurements from the WIPP rocket was 64

kHz, so the wave amplitude at frequencies from 0 to 32 kHz were investigated. At

altitudes from 200 km to 430 km, the WIPP rocket received 63 wave packets from the

area labeled A in Figure 3.1 (Chapter 3). The linear correlation coefficients between
SUNYA current and wave amplitude for 128 frequency components were calculated

and are shown in Figure 4.6. From Figure 4.6, it is seen that the linear correlation

petween the SUNYA lightning current intensity and the VLF wave amplitude

measured in the ionosphere is most significant in the frequency region from 0to2.5

kHz. In this frequency range, the correlation coefficients are higher than the 99%

_confidence level at most frequencies. From 2.5 to 5.0 kHz, the correlation becomes
relatively weaker but is still mostly higher than or close to the 95% confidence level.
These results are basically consistent with the results obtained from the Thunderstorm
I rocket. Above 5 kHz, the correlation became significantly weaker, much lower than
the 95% confidence level at most of the frequencies. This indicated that there was not

3 significant linear relation between the lightning current and wave amplitude at

frequencies above 5 kHz.

4.4 DISCUSSION
Our statistical study shows that at frequencies below 2.5 kHz the amplitude

_ of lightning-generated VLF waves in the ionosphere is linearly related to the lightning

current intensity measured by the SUNYA network. The significance of this linear

relation tends to decrease with frequency. At frequencies from 2.5 kHz to 5.0kHz, the
linear relation between the wave amplitude and the lightning current becomes
relatively weaker, but is still significant (higher than or close to the 95% confidence
level). At frequencies above 5 kHz, the amplitude of lightning-generated waves does

not have a significant linear relation with the lightning current. In this frequency
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range, the lightning ¢ .tibn for the streng
It is known that the radiation from a lightning stroke is not only related tg
strength of the discharge current but also to the characteristics of the discharge
channel (Newman, 1958). Because the lightning discharge channel is general]g
unique for each lightning stroke, strokes with the same current intensity may produ
different frequency spectra. For all the three lightning groups we studied, the linear
correlation between the lightning current and the wave components below 2.5 kHz a
all higher than the 99% confidence level. This may suggest that the characteristics of
lightning discharge channels have little effect on lightning radiations at frequencies
below 2.5 kHz. ”
As seen from Figure 4.2 and 4.5, the linear correlation coefficients we
calculated from the two wave groups received by the Thunderstorm II rocket duri
the same time period are different. The amplitude of waves from a more distant 2
has a better linear relations to the SUNYA current in comparison with these wa
from a area directly below the rocket. This is especially true at frequencies from
to 5.0 kHz. The difference between the results from the two lightning groups may be
caused by different discharge conditions in the two thunderstorm areas. It m
however, also be caused by the heating of the ionosphere by lightning-generated ‘ :
waves.
Lightning-generated VLF waves are subject to strong absorption in the lower
ionospheré due to collisions between electrons and neutral particles. This absorptior
increases with the wave frequency. ' In Chapter 7, we will show that the freq
dependence of VLF wave absorptions becomes more significant when the collisio
frequency between the electrons and neutral particles increases. The increase 1
collision frequency, however, will occur when the ionospheric media is heated B
absorbing wave energy. When VLF waves propagate in the jonospheric mediu,

fraction of wave energy would be absorbed by the medium. This absorbed ener
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would increase the collision frequency in the local medium, which, in turn, would

enhance the absorption in the region. This non-linear effect increases with the

~ frequency and amplitude of the waves. This means that stronger waves are subject to

more energy losses at higher frequencies in the lower ionosphere (see Chapter 7).
The different linear correlation between the wave amplitude and the lightning
current calculated from the two lightning groups may be explained as follows. These
VLF waves from the area directly below the rocket are generally stronger and would
heat the lower idnosphere more significantly. Therefore, the amplitude of these waves
would be affected more greatly by the non-linear effect of wave absorption in

comparison with these wave from the distant area.

4.5 CONCLUSION

The correlation between the amplitude of lightning-generated VLF waves in
the ionosphere and the lightning current intensity measured by SUNYA network has
been investigated. We have obtained the following conclusions.

1) At frequencies lower than 5 kHz, the amplitude of lightning-generated
waves in the ionosphere has a linear positive correlation with the lightning current
intensity measured by SUNYA network. This means that a cloud-to-ground lightning
with stronger SUNYA current usually launches stronger VLF waves into the
ionosphere at frequencies lower than 5 kHz. In this frequency range, the SUNYA
current intensity can be used to linearly normalize the amplitude of lighting-generated
waves in the ionosphere.

2) At frequencies higher than 5 kHz, the lightning-generated waves in the
ionosphere do not have significaht linear responses with the SUNYA lightning
current. In this frequency range, the SUNYA current intensity is not a gobd indication
of the amplitude of VLF waves in the ionosphere. |

3) For all the three lightning groups we studied, the linear correlation between

the SUNY A current and the wave amplitude are higher than the 99% confidence level




at frequencies below 2.5 kHz. This suggests that lightning generated wave
frequencies below 2.5 kHz may be mainly determined by lightning current
essentially independent of detailed characteristics of the lightning discharge ch

4) The correlations between the SUNYA lightning current and the
amplitude calculated from waves from a more distant area has a better linear re
to the SUNYA current in comparison with these waves from a area directly belo

rocket. This may suggest a significant heating of the ionosphere by these wave

the area directly below the rocket.

5) The frequency components between 1.5 kHz and 2.5 kHz in ligh

generated VLF waves in the ionosphere have most significant response to the li

current measured by the SUNYA network.

) CHAPTER 5
THE PROPAGATION PATH AND THE GENERATION MECHANISM
OF THE VLF WAVES RECEIVED IN THE IONOSPHERE

5 1 INTRODUCTION

The electric and magnetic fields produced by lightning strokes have three

_components: electrostatic, inductive and radiative. The electrostatic field is caused by

he change of the net electric charge in thunder clouds during the process of lightning

discharges. This field roughly varies with r~3. where r is the distance from the

source. The inductive field is produced directly by the current in the lightning

discharge channel. The change of this field with horizontal range is roughly

proportional to +~2. Normally, both the electrostatic field and the inductive field are
called the near field of lightning discharges.The radiative field of lightning is
- generated by the time differential of the current (dI/dt ) in the discharge channel.

~ With a geometric factor proportional to 71, the radiative field can propagate over

much greater distances than the other two fields (Lin et al., 1979, 1980, Master et
al.,1981).
As we mentioned earlier, the radiative field of lightning can propagate in the

earth-ionosphere waveguide with different modes. In the standard whistler generation

mechanism, generally called the “leaky waveguide” mechanism, a small fraction of

the wave energy in the waveguide can leak into the ionosphere and couple into

whistler-mode waves at the base of the ionosphere. The refractive index increases
with altitude in the ionosphere, the wave normal of these waves injected into the
ionosphere will quickly change to the vertical direction (Helliwell, 1965). It is

predicted, therefore, that the VLF waves will propagate nearly vertically and will be

_confined in small regions in the ionosphere. However, thus far there have not been

any direct in situ measurements of the propagation path of VLF waves from a source

to a receiver in the ionosphere.

The radiative field of lightning has been usually considered as the only source




of lightning-generated whistler waves in the ionosphere. In 1985, another wh
generation mechanism was proposed after strong transient electric fields
observed in the ionosphere (Kelley et al., 1985). In this mechanism, the areg
ionosphere‘above an active thunderstorm is regarded as an “aperture antenna”
the spatial and temporal variations in electric fields (or current) prescribed b
penetrating transient fields from a lightning discharge. This aperture an
generates whistler-mode waves at a variety of wave normal angles in the ionos
(Kelley et al, 1985, Siefering, 1987). Studies have shown that the large tras
electric field in the ionosphere is caused by the electrostatic fields generat
lightning (Siefering, 1987). In the aperture antenna mechanism, lightning prox
whistler-mode waves in the ionosphere by its near fields instead of by its propag
radiative fields.

The propagation paths of VLF waves from sources to rockets in th
whistler-generation mechanisms generally represent two extreme paths. In the :
waveguide” mechanism, the waves propagate in the earth-ionosphere waveguid
couple into whistler-mode waves from below the rocket. In the “aperture ant
mechanism, the whistler-mode waves are generated in an area of the ionospher
the lightning discharge and propagate to the rocket through the ionospheric o
The actual path of VLF waves may be between these two extreme paths. Sinc
travel much faster in the earth-ionosphere waveguide than in the ionosphe:tk
propagation time along the two different paths can be significantly differenf.
therefore distinguish the propagation paths of waves by their propagation tim

During the WIPP and Thunderstorm II campaigns, both the optical
and VLF waves generated by lightning strokes were measured by the ro
Knowing the time of the optical signals and the location of the source, we W
to determine the propagation time of the waves received by the rockets.
chapter, using the propagation time of the VLF waves received by the rocket,
show that these waves were injected into the ionosphere in a local area almost

below the rocket. This is the first direct evidence from the in situ measurem
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¢ typical lightning- generated whistler waves received by the rocket were generated

by the leaky waveguide mechanism. The possible paths of the VLF waves generated

1 the aperture antenna mechanism will also be investigated in this chapter.

2 DETERMINATION OF WAVE PROPAGATION TIMES

The lightning-generated VLF wave packets received by the rockets are made
p of different frequency components which are received at different times due to
ispersion. Therefore, the propagation time of waves is related to their individual
réQuency components. To determine the propagation time of waves at a particular
Trequency, it is necessary to determine the received time of the particular frequency
n the VLF wave packet. However, in this study we only need the characteristic
eceived time for each wave packet in order to compare the propagation times of
waves from different sources. As long as the characteristic receiving time for each
wave packet is determined using the same identical method, we will not need to know
he particular frequency corresponding to the arrival time being determined.

To determine an arrival time for the waves received by the WIPP rocket, we
took an FFT every msec in the data sequence for each wave packet. The sampling rate
of the WIPP VLF electric field data was 64 kHz. The spectra obtained gave the
ainplitude of 32 frequency components from 1 kHz to 32 kHz. The arrival times of

ese frequency components were taken to be when their amplitudes were at a

maximum in the spectrum. The resolution of the arrival times of waves determined

ken. Each of the 5 points was considered as positive or negative depending on
whether its value was greater or smaller than the average value. The characteristic
arrival time of a wave was determined as the earliest time when five data points had
opposite signs in the 5-point sequenée. A diagram of this method is shown in Figure

5.1. The sampling rate of the wave data from the Thunderstorm II rocket was 10 kHz.
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> kHz orizontal ranges of the wave sources from the rocket. These waves were received by

e WIPP rocket at altitudes between 200 km to 412 km. Each "+ in the figure

epresents the time delay of an individual wave packet. Because the wave arrival

‘:mes were determined using a 1-msec time resolution, time delays less than 1 msec

sere taken as 0 msec. It is seen in Figure 5.2 that most of the waves start at horizontal

istances of 400 km from the rocket. These waves were from the thunder cell A,
Average value of . :

Data point point 1 - 5

(Sampled at 10 kHz)

hown in Figure 3.1. Since they were all from the same area, the differences in their

ime delays, between 0 msec and 10 msec, were caused mainly by the change in

Figure 5.1:  Method of determining the arrival time of the wave packet . . .
\ ocket altitude. Several other wave packets generated by lightning with horizontal

When five data points had opposite signs in sequence, the dominant frequency

tances from 500 to 1200 km are also seen in Figure 5.2. The time delays of these

be 5 kHz or an aliased frequency (i.e., 10 kHz, 20 kHz,... etc.).The earliest time

waves also varies from less than 1 msec to about 10 msec. It is seen that the data

this data feature appears corresponds to the arrival time of 20 kHz or higher ints in this figure are widely dispersed. No relation between the time delays of VLF

frequencies. For the whistler waves received by the rockets, the arrival 1400 ———F———T——F—F——— T T T
frequencies above 20 kHz do not have significant differences, and we simply 1
the time determined by this method as the arrival time of the waves at 20 kH

The arrival times of lightning optical signals were determined from the
maxima.From the arrival times of optical and VLF signals, the time delays
waves relative to their corresponding lightning optical signals were determined?
following, the “time delay of the waves” will refer specifically the time k

lightning-generated VLF waves to the lightning optical signals received

rockets.

5.3 TIME DELAY OF VLF WAVES RELATIVE TO OPTICAL SIGNAL!
From both the WIPP data and the Thunderstorm II data, we select

Horizontal Distance of Lightning (km)

packets which were generated by lightning at different locations and recet

1 1 1 1 I 1 1 [} i

rockets at different altitudes. The time delays of each wave packet was com

. . i sec
the horizontal distance of the various sources from the rocket and to the altitu Time Delay of VLF Waves (msec)

gure 5.2:  Relation between the time delay of 24 kHz waves and the horizontal
distance of lightning strokes from the rocket. Each “+” represents an individual
lightning event. Shown are 31 events recorded by the WIPP rocket.

rocket, respectively.

In Figure 5.2 the time delays at 24 kHz of 31 wave packets are shown




waves in the ionosphere to the horizontal distance of the lightning soyre

observed.

Altitude of VLF Receiver (km)

2 2 4 6 8
Time Delay of VLF Wave (msec)

Figure 5.3: Relation between the time delay of 24 kHz waves and the al
of the rocket. Lightning events in this figure are the same events show
Figure 5.2.

The time delays of these same waves are plotted as a function of the
of the rocket in Figure5.3. In this figure, all of the data points fall in a straight
can be seen that waves from sources with varying ranges have nearly the sam
delay relative to their lightning optical signals when they were received at thi
altitude. For example, the five wave packets received near the apogee of the
(only three can be seen in Figure 5.3 because of overlapping) start at h )
distances from 500 km to 1200 km, but their time delays are all about 10 m

The time delays measured at 20 kHz for 47 VLF wave packets receives

Thunderstorm II rocket were plotted as a function of the horizontal distance b

the lightning sources and the rocket, and are shown in Figure 5.4. Similar

TTT Ty rvrts

Horizontal Distance of Lightning (km)
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Time Delay of VLF waves (msec)

Figure 5.4: Relation between the time delay of 20 kHz waves and the
horizontal distance of the lightning strokes from the rocket. 50 lightning
events recorded by the Thunderstorm II rocket are shown.

5.2, the data poihts in this figure are also dispersed and have no relations between the
time delay and horizontal distance. However, when the time delay is plotted as a

function of the altitude of the rocket, shown in Figure 5.5, all of the data points

roughly fall along a straight line, consistent with the WIPP rocket data.

5.3 WAVE PATHS INDICATED BY THE DATA

In the above, we have shown that the delay of lightning- generated VLF waves

are related to the altitude of the receiver but not the horizontal distance of the

lightning from the receiver. This suggests that the VLF waves received by rockets

ere injected into the ionosphere in a localized area beneath the rocket.
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Figure 5.5: Relation between the time delay of 20 kHz waves and the

altitude of the rocket. Events in this figure are the same events shown
in Figure 5.4. ’

Figure 5.6 is a diagram showing the possible wave paths from the ligﬁ
sources to the rocket. From a lightning source located at S1 up to the rocket, thel
two extreme propagation paths for VLF waves. As shown in the figure, in
waves propagate in the earth-ionosphere waveguide from S, to the base o
ionosphere beneath the rocket (S,”), these then propagate from So té the
Path 2 waves are generated in the ionosphere above the lightning discharge (s
propagate from S, to the rocket in the ionosphere. The actual paths of lig

generated VLF waves will be between these two extreme paths. The high

coherency of the waves received by the rocket (see Figure 2.3 - 2.5) suggests th

one path is taken by each wave.

lonosphere A Rocket

h-|
e AL ongsphere
Ground g SO S0

Figure5.6: Possible paths of lightning-generated VLF waves in the
ionosphere

For Path 1, waves generated by distant lightning have to propagate over a long

horizontal distance in the ionosphere. Since VLF waves propagate more slowly than

optical signals in the ionosphere, the time delay of these waves relative to the

lightning optical signals must be greatly affected by the horizontal distance between

the lightning and the rocket. However, the measurements by the rockets show that the

horizontal distance from the lightning sources does not have a significant effect on

the time delay of the VLF waves. It is therefore clear that these waves received by the

ocket do not propagate along any of the paths close to Path 2.

Path 1 waves generated by distant lightning propagate mainly in the earth-

ionosphere waveguide at the speed of light. For thtning with a horizontal range of

several hundred kilometers, the times for the lightning optical signal to travel from §;

to the rocket and for the waveguide waves from §; to S,” have typically less than 1
_msec in difference. The time delays of the waves propagating along Path 1 are caused

mainly by the propagation of waves from §,” to the rocket, and not related to the

horizontal distance of the sources. This is exactly what was observed by both the

WIPP and the Thunderstorm II rockets. The actual wave paths from lightning to

rockets therefore should be closest to Path 1. ,
The contrasting wave propagation paths can indicate whether the waves are

generated by the leaky waveguide or the aperture antenna mechanisms. When the




horizontal distance between the lightning and VLF receivers is small, Path [ ang
2 can hardly be distinguished and the generation mechanism of the waves caﬁn
determined by our method. Nevertheless, our study shows that the VLF wave pac
received in the ionosphere at horizontal distances greater than several hup
kilometers from the lig‘htning sources are very likely generated by the J

waveguide mechanism, and not by the aperture antenna mechanism.

5.5 CALCULATION OF VLF WAVE PATHS IN THE IONOSPHERE

In the last section, we have assumed that the time delay of the VLF w,
generated by the leaky waveguide will change significantly with horizonta] r
because VLF waves propagate much less rapidly than optical signals in
ionosphere. This assumption needs to be quantitatively verified. It is known tha
refractive index of VLF waves changes greatly with altitude in the ionosphere.
wave normal will quickly change toward the vertical direction because of increa
refraction as the waves propagate upward in the ionosphere. It seems likely tha
waves generated by the aperture antenna mechanism in the ionosphere will ne
able to propagate over a large horizontal distance. This assumption also need :
examined in detail. For these reasons, a further investigation of the VLF wave
in the ionosphere is necessary. In this section, we will calculate the propagation ;
of VLF waves in the ionosphere in order to examine the paths of the waves gene:
by the two whistler wave generation mechanisms. k

Assuming that the ionosphere. is horizontally stratified, we divi
ionosphere into horizontal layers. At the boundary of each layer, by Snell's |
incident and transmitted waves must have refractive indexes whose projections
boundary are equal. For waves which are injected into the ionosphere at an

h, with an incident angle 6, Snell's law gives

n.(8,h)sin® = n_(8,h,) sin@, >

where 0 in the incident angle at the altitude of &, n, is the real part of the refi
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index of the waves. For any incident angle 6, at the base of the ionosphere, 0 ateach

layer in the jonosphere can be calculated using equation (5.1). However, because the

wave refractive index is also a function of the incident angle, equation (5.1) is
generally difficult to solve. In this study, the equation (5.1) was solved numerically.
In our calculation, the thickness of each layer was 1 km. The profiles of the

electron density and the effective collision frequency in the ionosphere shown in the

first chapter were used. For simplicity, the geomagnetic field was assumed to be in

the vertical direction. The n, were calculated using the full expression of the
Appleton-Hartree equation (see Section 1.4.3). Although the conditions for applying

the Appleton-Hartree equation may not be satisfied for VLF waves near the base of

the ionosphere, it is expected that this calculation can still serve as a zeroth order

approximatioﬁ.

In the leaky-waveguide mechanism, lightning-generated waves in the
wavéguide are coupled into whistler-mode waves at the base of the ionosphere.
Assuming that the coupling altitude is 80 km, we calculated the propagation paths of

waves with different incident angles at this altitude. Figure 5.6 shows the paths of 5

 kHz waves with incident angles of 10°, 25°, 40°, 55°, 70° and 85° at 80 km. Since

the geomagnetic field is in the vertical direction, the calculated paths are axially

symmetric. It is seen in Figure 5.7 that waves injected into the ionosphere are

confined to an area with very small horizontal dimensions. For example, a wave

injected with an incident angle of 85° can only propagate to a horizontal distance of

40 km when it reaches an altitude of 350 km. This indicates that waves generated by

the leaky-waveguide mechanism and received in the ionosphere should be from a

small area located undemneath the receiver. This result is normally expected and is
onSistent with the observations made by the rockets.

In the apertufe anténna model, waves are generated in the ionosphere ata

variety of wave normal directions. Assuming that 5 kHz waves are generated by an

isotropic source at an altitude of 80 km in the upper half space, Figure 5.7 shows that

more than 90% of the wave energy would pass upward through a local area of the




ionosphere with horizontal dimensions less than 80 km. In other words, wh
waves generated at the base of the ionosphere cannot propagate over large horiz

distances.
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Figure 5.7: The propagation paths of VLF waves injected into the
base of the ionosphere. Paths of waves with 6 different incident
angles at the base of the ionosphere are calculated. ~ The geo-
magnetic field was assumed to be in the vertical direction, so the
wave paths are axially symmetric

In Figure 5.8, waves with different normal angles were generated |
“antenna” with an altitude of 85 km. In comparison with Figure 5.7, it is seen
antenna at a higher altitude generated waves which propagate over larger hori,i
area. For example, waves with an incident angle of 85° can pfopagate to a hori:
range of 200 km, which is much larger than the case shown in Figure 5.7. In

5.9, the altitude of the source has been increased to 130 km. For this case, wavé

an 85° incident aﬁgle reach horizontal distances of 500 km. It appears that abou

of the wave energy generated from an isotropic source at an altitude of 130 km
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_ propagate farther than 600 km in horizontal range. It can be shown that waves at
_ higher frequencies or generated by sources at higher altitudes may propagate over

significantly greater horizontal distances. It can also be seen that the propagation

paths of waves generated at different altitudes have different features. These features

are basically caused by the particular electron density profile used.
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Figure 5.8: The propagation paths of VLF waves generated by a
source with an altitude of 85 km in the ionosphere. The labeled angles
are the angle between the wave normal and the vertical when waves
are generated.

The propagation times of a 5 kHz wave from the source to an altitude of 360

~ km along these paths shown in Figure 5.8 and 5.9 were calculated and are shown in

Figure 5.9. In this figure, the calculated travel times are plotted for the horizontal

‘k ranges of the waves at an altitude of 360 km. It is seen that the propagation times

increase significantly with the horizontal range. When the wave source 1is at an

altitude of 85 km, there is about 3 msec difference in the propagation time of waves




received at the same altitude (360 km) but at different horizontal ranges from 0 - 2
km. When the source is at an altitude of 130 km, it would take an additional 20 mge

for waves to propagate to a horizontal range of 600 km.
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From the above calculations, we conclude that waves generated by the le
waveguide mechanism would propagate almost vertically in the ionosphere. Wa
generated in the aperture antenna mechanism may propagate to a large horizo
distance, depending on the altitude of the antenna, but the propagation times of th
waves increases significantly with increasing horizontal range. These calculati
show that if an aperture antenna can generate VLF waves as predicted, a receive
the ionosphere would receive two waves at a horizontal distance of several hun
kilometers from each lightning stroke. The first wave would be a typical wave p
which is generated by the leaky waveguide mechanism. Some msecs after recer
this first wave, the second wave would be received, having been generated by

aperture antenna mechanism. This second wave would be very weak and not
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Figure 5.9: The propagation paths of waves generated by a source
with an altitude of 130 km.
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Figure 5.10: The relation of propagation time and the horizontal range
calculated from waves (f = 5kHz) generated in the ionosphere

coherent, and as a result it may not be observed.

When the lightning sources are within a small horizontal range from the
rocket, it can be expected that the waves generated by the aperture antenna
mechanism may be received earlier than waves generated by the leaky waveguide
mechanism. The difference in the receiving times depends on the altitude of the

aperture antenna and the horizontal range of the sources.

5.6 SUMMARY

The time delay between reception of lightning-generated VLF waves and
optical signals in the ionosphere depends on the altitude of the receivers, but very
little on the horizontal distance between the lightning and the receiver. This indicates
' that the lightning-generated VLF wave péckets received at rockets are all from a local
area nearly below the rocket. Waves generated by sources with horizontal ranges
from the rocket of several hundred kilometers are thereforé more likely to have been
generated by the leaky waveguide mechanism, not by the aperture antenna

mechanism.




Calculation shows that VLF waves injected at the base of the ionosphere

confined in the ionosphere to an area with limited horizontal dimensions. For way
at 5 kHz, this dimension is typically around 100 km. This is consistent wifh th
observations made by the WIPP and Thunderstorm II rockets.

Waves generated by sources in the ionosphere, such as the aperturé anten
mechanism, may propagate in the ionosphere over large horizontal distance
However, for isotropic sources, only a small fraction of the generated wave ener
could propagate to horizontal ranges greater than several hundred kilometers,
significant VLF wave energy can be generated by the aperture antenna mechanism,
would be expected that a receiver in the ionosphere would receive two waves fro
each lightning stroke over a horizontal distance of several hundred kilometers. T
first wave would be the well-known VLF wave packet which is generated by t
leaky waveguide mechanism. The second wave would be generated by the apertu
antenna mechanism. This wave would be much weaker and would arrive sever,

msecs after the first wave, but it was not detected in this study.

CHAPTER 6
AMPLITUDE VARIATION OF LIGHTNING-GENERATED
VLF WAVES IN THE IONOSPHERE

6.1 INTRODUCTION

It is well known that lightning-generated VLF waves can produce whistlers,
particle precipitation and other phenomena in the earth’s atmosphere and ionosphere
(Rosenberg et al., 1971; Carpenter et al., 1982; Inan et al.,1987). These VLF waves
also give rise to certain processes in the local media as they propagate in the
ionosphere and the magnetosphere. Lower-hybrid waves excited by lightning-
generated whistler waves in the ionosphere and the magnetosphere have been
observed (Kelley et al., 1990, Bell et al., 1991a, 1991b). These waves have been
suggested to be a significant source of direct heating in the lower ionosphere. This
heating could enhance the ionization in a local area and affect the sub-ionospheric
propagation of VLF transmitter signals (Inan at al., 1991).To study the processes
associated with lightning-generated VLF waves in the ionospheric media, it is
important to know the amplitude of these waves at different altitudes in the
ionosphere. The amplitude change of these waves with altitude is also of interest
because it provides information about VLF wave propagation and attenuation, as well
as the characteristics of the ionospheric media. |

The properties of lightning-generated VLF waves in the ionosphere, such as

_ dispersion, velocity, polarization and frequency spectrum, have been previously

investigated by some researchers (Maynard et al., 1970; Kelley et al., 1988). In the

_ experiments done by these researchers, the variation of wave Iamplitude with altitude

in the ionosphere was not studied. The amplitude change of VLF transmitter signals
in the ionosphere, however, has been reported by others in several studies. For
example, the signal from a 3.85 kHz transmitter directly over Siple Station,
Antarctica was measured from a rocket at altitudes from 65 km to 130 km. A gradual

amplitude change of the VLF signal, with a change in the wave polarization, was




observed (Kintner, 1983). In another experiment, signals from two transmitters 1
and 21.4 kHz) were recorded by a rocket at altitudes below 155 km. It was found ¢
these signals formed a standing wave pattern below an altitude of 106 km, dye

wave reflections from the sporadic E layer (Siefering and Kelley, 1991). In th

experiments, the apogees of the rockets were less than 160 km, so the amplig
changes of the VLF waves above this altitude were not measured.

One of the advantages of studying the signals from VLF transmitters is ¢

their sources are constant, so they can be measured continuously by the rockets w
altitude. Lightning-generated VLF waves, however, are very short wave pack
which cover a broad yfreque‘ncy range. Clearly, some of the features observed
lightning-generated waves, such as wave dispersion, cannot be studied
continuous transmitter signals. And also, the dominant radiation energy fr
lightning is at frequencies below 10 kHz. The frequencies of most VLF transmit
in operation on the world are above 10 kHz. Therefore, there are limitations of us
VLF transmitter’s signals to study lightning -generated VLF waves.

In comparison with that of VLF signals from a controlled tra.nsmitter,f
amplitude variation in lightning-generated VLF waves with altitude is m

complicated and difficult to study. Lightning-generated waves received by rocl

are normally produced by random lightning strokes over different areas. ﬂ
amplitude variation of these waves can only be investigated statistically, provi
that a large number of waves are received by the rocket with altitude and th :
sources of the waves can be located.

During the WIPP and the Thunderstorm II campaigns, VLF waves gen
by a large number of lightning strokes were measured on rockets at different altitu
Many of these lightning strokes were recorded by the State University of New
at Albany (SUNY A)lightning network (now part of the National Lightning Ne
Therefore the sources of many of the received wave packets can be identifie
located. These data thus proVide us with a good opportunity to investiga

amplitude change of lightning-generated VLF waves in the ionosphere with al
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It could be expected that the VLF electric field generated by lightning would

gradually decrease with altitude above 150 km in the ionosphere, because of wave
attenuation and changes in the refractive index. However, our analysis of the wave
spectra received by the WIPP and the Thunderstorm II rockets revealed that the
amplitude of typical lightning-generated VLF waves did not monotonically decrease

with altitude. Instead, the amplitude of theses waves had significant peaks and

troughs at altitudes above 150 km. This spatial variation of VLF wave amplitude with

altitude, which has not been previously reported, cannot be explained using standing

wave mechanisms or by changes in the wave refractive index. In this chapter, we will
present data which shows the amplitude variation of lightning-generated waves with
altitude observed by the WIPP and the Thunderstorm II rockets. We will also show

how this variation might be caused by the interference of waves injected into the

ionosphere from a local area located below the rocket.

6.2 DATA

In order to investigate the change of wave amplitude with altitude, other

factors which could also affect the wave amplitude need to be considered.

The lightning-generated VLF waves received by rockets usually have

propagated in the earth-ionosphere waveguide over considerable distances. The
amplitude of the received waves are affected by the propagation distances and
waveguide conditions, such as the path orientation, the earth’s surface topography
and the ionospheric conditions along the path (Wait, 1962; Alpert, 1967). To
constrain these propagation effects in this study, we selected only waves which
started from small localized areas. The geographic locations of the sources of the

selected wave packets are shown in Figure 6.1. Of events received by the WIPP

- rocket, 75 wave packets were selected for study. These were wave packets generated
by lightning flashes from the small area labeled A in Figure 6.1. The horizontal

distances from these lightning flashes to the rocket were all about 450 km. Since the

extent of this source area is much less than the propagation distance of the waves, we
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Figure 6.1: The location of selected hghtning flashes. 75 flashes in the
area labeled A occurred during the WIPP rocket flight, and 49 flashes in
area B occurred during the Thunderstorm II rocket flight.

can assume that waveguide effects were approximately the same for all of the wa
from this area. Also shown are sources of 49 wave packets received by
Thunderstorm II rocket from area B in Figure 6.1. Area B was located almost dire

below the rocket. Because these waves only propagated in the earth-ionosp!

waveguide over a very short distance, they should not have been strongly affecte

the waveguide pfopagation conditions.

The electromagnetic radiation from lightning strokes are related to
‘characteristics of the strokes, such as the strength of the discharge current and
features of the discharge chaﬁnels (Newman, 1958). The amplitude of waves recei
by the rockets included such source effects. These source effects, which differ fi
stroke to stroke, are complicated and difficult to determine. HoWever, in chapter 4

found that the amplitude of VLF waves at frequencies below about 5 kHz

85
positive linear correlation with the lightning current recorded by the SUNYA

nétwork. In order to reduce these source effects, the lightning current recorded by the
SUNYA network was used to normalize the wave amplitude for frequencies below 5
kHz.

In Chapter 4, we obtained the spectra of a large number of lightning-generated
VLF wave packets from sources A and B received by the WIPP and the Thunderstorm
II rockets at altitudes ranging from 150vto 412 km. Aﬁalyzing the selected spectra, the
changes of wave amplitude at different frequencies with altitude were investigated.
The spectra of waves received by the WIPP rocket were analyzed in 128 frequency
components ranging from 0.25kHz to 32kHz. We found that the amplitudes of most
of these frequency components clearly had significant peaks and troughs at altitudes
above 150 km.

For examples, Figure 6.2 shows the amplitude variations for waves at
frequencies of 1.0, 3.0, 7.0 and 10.0 kHz. Each point in this figure represents. a
lightning-generated VLF wave packet measured by the WIPP rocket. The altitude
range from 100 to 420 km were divided into 16 layers, each with a thickness of 20
km. An average value of the wave amplitude within each layer was calculated and is
shown by the dashed line in the figure. All of these wave packets, a total of 47 in this
figure, were received during the upleg phase of the rocket flight. These lighting
strokes occurred randomly, over a time interval of several seconds or less. Because
the rocket passed through higher altitudes with decreasing vertical velocity, more
VLF waves were received at the higher altitudes.

As seen in Figure 6.2, the normalized amplitudes of waves from different

lightning strokes had a strong residual scatter. This could be attributed to, as

_ mentioned earlier, the source or propagational effects which could not be determined

in our study. Despite the divergence of the data points, we can still see that waves at
all of the frequencies have statistically greater amplitudes at certain altitude ranges,
and smaller amplitudes at other altitude ranges. For example, for the profile at 3 kHz

on both up and downleg, most of the wave packets received at altitudes between 250
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Figure 6.2: Variations of VLF wave amplitude observed during the upleg Figure 6.3: Variation of VLF wave amplitude observed during the downleg

of the WIPP rocket. The dots show the amplitude of waves generated b
different lightning strokes and received at different altitudes. The
amplitude at four frequencies, 1.0, 3.0, 7.0 and 10.0 kHz, are shown. The
dashed lines show the average values of the wave amplitude within each
layer with a thickness of 20 km. '

of the WIPP rocket. These waves are from the same area as those shown
in Figure 6.2. The dashed lines are the average value of the wave amplitude
within each layer with a thickness of 20 km.

Figure 6.3 shows the waves received during the descent phase (downleg) of
km and 300 km were significantly stronger than those received at lower alti _ the WIPP rocket. In this figure, 28 lightning events located within the same area as
Above 300 km, thg wave amplitudes were relatively smaller until they re those in Figure 6.2 are shown in this figure. The changes of wave amplitude with
another peak at 390 km. Differences can also be seen between the various profi  altitude measured during the downleg of the rocket flight were very similar to those
Figure 6.2 and 6.3. For example, a trough at an altitude of 220 km occurred . measured during the upleg flight. At 3 kHz, for example, a significant peak at an
profiles at 1.0, 3.0 and 7 kHz, but did not occur in the profile at 10 kHz. It ¢ A  altitude of 280 km was also observed. Above 280 km, the amplitude of these waves

shown that the differences seen in the other frequency components m , statistically decreased, and again appears to reach a peak around 390 km. These

significant. o general features are the same as those observed during the upleg of the flight.
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Figure 6.4: Variations of VLF wave amplitude with altitude observed
during the upleg of the Thunderstorm II rocket. The amplitude
change at frequencies of 0.6, 1.2, 3.0 and 4.2 are shown. The dashed

lines show the average value of wave amplitude in each 20-km
layer

Figure 6.5: Variation of the amplitude of VLF waves with altitude observed
during the downleg of the Thunderstorm II rocket. These waves were
from the same area as those shown in Figure 6.4. The dashed lines show
the average wave amplitude within each 20 km layer.

The wave spectra obtained from the Thunderstorm II data contained

peak in wave amplitude at an altitude of around 280 km. This can be clearly seen in

frequency components between 0.05 kHz and 5 kHz. Analyzing the selected . ) ) .
the data at frequencies of 0.6, 1.2 and 4.2 kHz, in which the waves received at

spectra, we found the Thunderstorm IT rocket also observed significant changes1 . ) . .
» altitudes of 280 km were mostly stronger than those received at lower altitudes. This

VLF wave amplitude with aititude. The variation of wave amplitude at ' )
: ~ observation from the Thunderstorm II rocket was consistent with that of the WIPP

frequencies is shown in Figure 6.4 with the same configuration as that of Figure ) i L
' rocket. Figure 6.5 shows 25 wave packets which were generated by lightning in the

and 6.3. A total of 24 wave packets were selected during the upleg of this o . .
_ Same area (area B in Figure 6.1) but received during the downleg of the Thunderstorm

flight. The apogee of the Thunderstorm II rocket was about 333 km, thereft . L . .
IT rocket flight. It is seen that the amplitude variation of these waves with altitude

wave structures were measured above 330 km. However, this rocket also reco , ) . ] o
measured during the downleg of the flight were basically similar to those measured




during the upleg of the flight. ' f=3kHz
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For the same frequency component, the altitude profile of wave ampﬁm?
obtained by the Thunderstorm II rocket seems to be different from that obtaine
the WIPP rocket. For example, the profiles at 3 kHz shown in Figure 6.2 and

appears to be different from those in Figure 6.4 and 6.5.

In summary, both the WIPP and the Thunderstorm II rockets have meas
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significant amplitude variations in lighting-generated VLF waves at altitudes ab

Altitude (km)
]

150 km. Peaks and troughs were present in these altitude profiles of most of

|

frequency components between 0 and 32 kHz. The altitude profiles measured du

%

the upleg and downleg flight of the rockets had similar features. Some differe
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were seen between the profiles at different frequencies, and between the pro
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observed by the WIPP and the Thunderstorm II rockets. 100 2 e
: 0 100 200 300
_ ‘ Relative Wave Amplitude ‘
6.5. DISCUSSION Figure 6.6: Average wave amplitude at 3 kHz within each 20-km layer
_ calculated from the waves received during the entire flight of the
As we mentioned earlier, one of the difficulties of studying the ampli _ WIPP rocket. The circles show the average. wave amplitude. The
bars indicate the standard deviations of the wave amplitude within
variation of lightning-generated VLF waves is that the measurements cannot be m, ‘ each layer. -

continuously with altitude. We have seen that even though the WIPP

) statistically significant.
Thunderstorm II rockets were flown near very active thunderstorms, there were

: . o . It is very unlikely that these features in the wave altitude profiles were
not enough measured events to cover all of the altitudes. This is especially tru

. ) S , generated by any malfunction of the instruments. The VLF wave receiver on the
altitudes below 250 km. We calculated the average wave amplitude within eac

- _ o WIPP rocket has an automatic gain control circuit. We have carefully examined the
the 20-km layers for the waves received during the entire flight of the WIPP 1o

) o ) - recorded gain changes during the rocket flight, and could not find any association
The circles in Figure 6.6 show the average wave amplitude (E) at 3 kHz. The

o » o ) - ) . between the gain levels and the statistical changes in the VLF wave amplitudes. The
indicate the standard deviation of wave amplitude (E £ o) in each layer. It is seen

‘ ) o ) VLF receiver on the Thunderstorm II rocket did not change its gain at all during the
the average wave amplitudes within the layers at altitudes from 240 to 320 km '

. o flight, yet it measured a peak at the same altitude. This evidence suggests that the
more than twice as great as those within the layers from 200 to 240 km and from

, o _ o peaks and troughs in the wave altitude profiles were not caused by gain changes
to 380 km. The minimum wave amplitudes within the two layers from 260 to 30

_ . ‘ ; during the rocket flight. The systematic errors in the rocket measurements were
are comparable or greater than the maximum amplitude in these layers from 2

estimated to be less than 20%. Even applying error bars of 20% to the amplitude
240 km and from 320 to 380 km. Considering that all of these waves were gene

) o . . profiles shown above, we still see significant peaks and troughs.
by randomly occurring lighting strokes, the peak at a altitude of 280 km is cl '




The wave amplitude peaks and troughs in the altitude profiles were not caug
by systematic changes of the lightning sources with time. The current intensities
the lightning flashes used in our study were recorded by the SUNYA lightnin
network. Examining the current intensities of these lightning flashes, we saw ng
apparent statistical changes during either the WIPP or Thunderstorm II rocket fligh
The profiles obtained during the rocket upleg and downleg both have similar feature
even though the waves were from random lightning strokes. It would be extreme
difficult to explain this similarity by systematic temporal changes of the sources or
other wave propagation factors.The changes in wave amplitude measured by the tw
rockets are, therefore, most likely due to spatial changes in the wave amplitude ov
the flight paths.

If VLF waves encounter a substantial change in the wave refractive index
over a distance comparable to the local wavelength, significant wave reflection
occurs.The incident waves and the reflected waves form a standing wave patte
This phenomenon has been observed in VLF hiss between 1.5 - 3.0 kHz (Brittain,
al., 1983) and in transmitter signals at 17.8 kHz (Siefering and Kelley, 1991).
feature of the standing wave pattern is that the distances between the peaks or troug
(fringe distance) are equal to half of the local wavelength. In the profiles observed
the WIPP and Thunderstorm II rockets, the apparent fringe distances were typical
on the order of several tens of kilometers. However, such a standing wave patiern
VLF waves for such large fringe distances cannot occur at altitudes above 200
because the VLF wavelengths in that region are typically shorter than a fi
kilometers. We conclude that the amplitude variations of lightning-generated VL
waves measured by the WIPP and Thunderstorm II rockets. was not due to standi
wave patterns.

The measured wave amplitudes are related to the wave refractive index in

local medium. It has been shown in Chapter 4 that if there is no wave energy loss,

have

1
A®B(z) 4

E(d) = (— @

6.1)

where n,, is the electron density, B is the geomagnetic field and A can be considered

approximately constant with altitude (see equations 4.1 - 4.5). Assuming that the
altitude profiles of wave amplitude were caused solely by changes in the refractive
index, we can roughly calculate an electron density profile from the measured wave
amplitudes using equation (6.1). It can be shown that the electron density profile
would have large troughs and peaks below 350 km which are significantly different
from normal electron density profiles.

It is known that lafge scale irregularities can occur in the mid-latitude
nighttime ionosphere. For example, layers with peak densities at least an order of
magnitude greater than the background level are frequently observed to peel off the
bottom side of the F region of the ionosphere and descend toward the sporadic E
layers below (Shen et al., 1976). Such layers, called “intermediate layers”, are
primarily due to the oscillatory behavior of the neutral atmosphere (Kelley, 1989).
There is evidence indicating that large scale irregularities, such as these intermediate
Jayers, are not the cause of the amplitude change of VLF waves with altitude. During
the thunderstorm II campaign, the electron density was measured at altitudes from
240 km to 450 km by another rocket flown almost simultaneously with the
Thunderstorm II rocket (Kelley et al., 1990). The measured electron density profile .
was similar to the IR altitude profile shown in Figure 1.2 and did not have significant
peaks or troughs at altitudes from 200 km to 350 km. Therefore, the profiles of VLE
wave amplitude were not produced simply by the changes in the electron density with
altitude.

The amplitude variation of lightning- generated VLF waves with the altitude
observed by the WIPP and the THunderstorm II rockets has not been previously

reported. This phenomenon is of interest regarding the generation and the

- propagation of VLF waves in the ionosphere. In an effort to determine its cause, we




investigated the possible effects of wave interference.

As suggested in the “leaky waveguide” mechanism, lightning-generated Vi 1

radiation can couple into whistler waves at any point at the base of the ionosphe
These waves once launched into the ionosphere will presumably have a variety
normal directions. Therefore, waves launched at different locations with differ

normal directions may be simultaneously received by the rocket. However,

interference effects of these waves.
Figure 6.8 shows the model we used in the calculation. In this model, we
assumed that every point within the aperture region is an isotropic wave source. We
also assumed that the initial phases of all the injected waves were identical and that
there was no wave energy loss in propagation. For simplicity, the geomagnetic field

was assumed to be in the vertical direction and the wave propagation paths were

Chapter 5, we have shown that VLF waves injected into the ionosphere with differe

assumed to be straight lines. The aperture is assumed to be a circular region.

wave normal directions were generally confined to small regions of the ionosphe

For parallel propagation, we have (see detail in Chapter T

due to refraction. This means that only waves injected from a limited region at

base of the ionosphere below the rocket can be received.

The above situation is illustrated in Figure 6.7. As shown in this figure, VLE

waves are launched into the ionosphere at different points (A, B, C and D) w
different wave normal directions. Due to wave refraction in the ionosphere,
rocket can vonly receive waves injected at the points between B and C. Waw
launched at other points, such as A and D can not reach the rocket. The regi
between B and C, therefore, serves as a wave aperture. Only waves passing throu
this aperture will be received by the rocket. Assuming that the wave field measur
by the rockets is the coherent superposition of all the possible wavés from su

“apertures” below the rockets, we made a preliminary calculation to investigate

! nosphere

':‘”Earth-lohbs‘phere
waveguide

Figure 6.7: The “aperture” of VLF waves received in the ionosphere

dE 2
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where E, and E, are the two perpendicular electric field components of the wave, ®
is the wave frequency and c is the speed of light. € is the relative electric permittivity
givenby € = 1-X/(1-Y-iZ) whereX,Y andZhave been defined in Chapter
1. For waves propagating with a small angle to the magnetic field, equations (6.2) and

(6.3) are still approximately valid. In a slowly-varying medium, they can be solved
“
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Figure 6.8: A preliminary calculation of wave interference
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using the WKB method (Budden, 1985).

For a preliminary calculation, we simply used the WKB solutions of
equations (6.2) and (6.3) to calculate the amplitude and the phase of waves. The wave

electric field at an altitude of z, was calculated using -

A _coso

ip .
o kB .
= | e |k (z, dr |ds ,
[ (if* o aris 64

29

E(z,)

where A, is a constant related to the wave amplitude at the injection altitude, o p is

the angle between the wave normal and the magnetic field, and the wave number

®
k(z,00p) = ?nr(z, Og) -

The real refractive index n, was calculated using the full expression of the Appleton-
Hartree equation and the IRI electron density and the effective collision frequency

profiles shown in Chapter 1. The wave fields at each point on the axis of the aperture

were then calculated by integrating the contribution of all the points over the aperture

region.

From the calculation, we found that the interference of waves from an

aperture at the base of the ionosphere could generate significant troughs and peaks in
the altitude profiles of VLF wave amplitude in the ionosphere. The changes in the E

altitude profiles depends on the wave frequency, the altitude and the dimension of the

aperture. By adjusting these parameters profiles with similar features as those

observed by the rockets can be produced.

Examples of the calculated profiles are shown in Figure 6.9. The tw

profiles, solid lines, in the figure were calculated for waves at 3 kHz and 7 kH
respectively. In this calculation, the altitude and the radius of the aperture ‘wer
assumed to be 80 km and 60 km respectively, consistent with the previousl
calculated results for the wave paths (see Chapter 5). For comparison, the wav
amplitude profiles received by the WIPP rocket during the entire flight are also show.

in this figure.

Altitude (km)

0 120 160 200 T3 80 120 160
Relative Wave Amplitude Relative Wave Amplitude
(@) (b)

Figure 6.9: Examples of the calculated altitude profiles of VLF wave
amplitude. The profiles (the solid curves) shown in (a) and (b) were calculated
for waves at 3 kHz and 7 kHz respectively. The dots in the figure are the relative
wave amplitude of lightning-generated VLF waves measured by the WIPP
rocket during its entire flight.

It is seen in Figure 6.9 (a) that the calculated profile has a significant peak at
an altitude of 280 km, which is in good agreement with the rocket data. The calculated
profile has a trough at an altitude of 200 km, which can relate to a trough seen at an
altitude around 210 km by the rocket. The rocket observed a trough at an altitude
around 370 km and the calculated profile also shows a trough at an altitude of 390
km. The calculated profile for 7 kHz waves shown in Figure 6.9 (b) is different from
that for 3 kHz waves. In this profile, three peaks occur at altitudes of 180 km, 290 km
and 380 km. Examining the observed data, three peaks can also be found, which
occur at altitudes of 180 km, 270 km and 390 km. The two troughs shown in the
calculated profile at altitudes of 260 km and 330 km may relate to the troughs
observed by the rocket at altitudes of 230 km and 320 km.

To calculate the effects of wave interference accurately, the electron density
gradient in the lower ionosphere must be considered. The actual wave paths also need

to be taken into account. Because of the simplifications in the approximations used in
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our preliminary calculation, we do not intend to completely explain the data using e CHAPTER 7

these calculated results. In the above, we have pointed out similar features between THE ABSORPTION OF LIGHTNING-GENERATED

the calculated profiles and the rocket data. There are apparently some significant VLF WAVES IN THE LOWER JIONOSPHERE

differences between the calculated profiles and the data.  Nevertheless, our‘

preliminary calculations show that the interference of VLF waves from an aperture 7.1 INTRODUCTION

located below the rocket could produce features similar to those observed by the As we have described earlier, lightning strokes generate strong

rocket. This suggests that the effects of VLF wave interference on the wave amplitude e electromagnetic radiation in the Very Low Frequency (VLF) range. Part of this

in the ionosphere may be significant. ;adiation can couple into whistler mode waves which propagate through the

ionosphere and interact with particles in the magnetosphere, producing particle

6.4 CONCLUSION | o e precipitation and other phenomena in the earth's atmosphere and ionosphere
Significant amplitude changes of lightning-generated VLF waves at altitudes (Rosenberg, et al., 1971; Carpenter and LaBelle, 1982; Inan and Carpenter, 1987).

above 150 km have been observed by both the WIPP and the Thunderstorm IT rockets. ~ As the whistler waves propagate iﬁ the ionosphere, they are subject to

These changes were most likely produced by the spatial structure of the VLF wave absorption due to the collisions between electrons and neutral particles. In this

amplitude profile, rather than by temporal changes of the lightning sources or other process, electrons acquire energy from the electric field of the wave. After the

wave propagation factors. electrons collide with neutral particles, their direction is changed and the ordered
The observed variations in the VLF wave amplitude are not likely to be due ‘ - energy imparted by the wave is converted to disordered energy. The average thermal

to the standing wave pattern produced by wave reflections from different ionospheric energy of the electrons is thereby increased. |

layers. The variation did not correlate with changes in the electron density profile andi ‘ The heating of the ionosphere by radio waves has been well studied (Maslin,

thus cannot be explained simply by changes in the wave refractive index. V 1974). Radio waves have been used as heating sources in some active ionospheric
This phenomenon has not been reported previously and is of interes‘t? experiments. However, the heating of the ionosphere by very-low-frequency (VLF)

regarding the generation and the propagation of VLF waves in the ionosphere. ‘ waves has not drawn much attention until recent years. One of the observations which

Results from a preliminary calculation indicate that the interference of waves from | ~ generated interest in VLF heating was the “Fast (or Early) trimpi” events (Armstrong,

aperture region located below the rocket could produce altitude profiles of wav 1983: Inan et al., 1988).

amplitude having features similar to those observed by the rockets. This supports that “Trimpi” events are characteristic perturbations in the phase or amplitude of

waves received by rockets in the ionosphere are the coherent superposition of wave VLF transmitter signals which propagate in the earth-ionosphere waveguide as

from a small aperture region located below the rockets. Each point in this apertur recorded by VLF receivers on the ground (Carpenter and LaBelle, 1982; Inan and
region may be viewed as a source which generates VLF waves at a variety of wav Carpenter, 1987, Inan et al. 1991). It has been suggested that most trimpi events are
normal angles. The interference of these waves significantly affects the VLE wav caused by particle precipitation induced by lightning-generated VLF waves. These

amplitude measured in the ionosphere. precipitating particles enhance the ionization at the base of the ionosphere in a




localized region near the propagation path of the VLF transmitter signal, altering [i%

signal propagation conditions. Normal trimpi events usually occur 0.3-1.5 seconds
after the causative lightning, because resonant wave and particle interaction occur§
near the magnetic equator and thus the radiation belt particles must travel a Iargé
distance before the precipitation can occur. In comparison with normal trimpi even
“Fast (or early) Trimpi” events are VLF signal perturbations which have syimil'i
characteristics but occur almost instantaneously (<50 ms) after the causative lightning
(Armstrong, 1983; Inan et al., 1988). Such events apparently cannot be explained by
the current wave-induced particle precipitation mechanism. One possiblé
explanation for such fast trimpi events is direct heating of the ionosphere by lightning-
generated VLF waves. It has been suggested that heating by very strong lightning;
generated VLF waves would be enough to produce significant ionization in a Iocai
area in the lower ionosphere. This increased ioniiation could then disturb the subgt-,
ionospheric VLF signals (Inan et al., 1991; Inan, 1990). |
As mentioned above, the heating process originates with the absorption oﬁfi
wave energy. Therefore, the calculation of the wave absorption rate is important m
investigation of heating effects in the ionosphere. The ionospheric absorption of rad
waves is usually calculated using the WKB approximation, and the wave refracti
index given by the Appleton-Hartree equation (Budden, 1985). But since the chan

of the electric permittivity is so large within a wavelength, the conditions for t

WKB approximation may not be satisfied for VLF waves. This is especially true
the lower ionosphere where the largest gradient in permittivity occurs. Generally,
WKB solution and the Appleton-Hartree equation are not appropriate for VLF wav
in the lower ionosphere.

In this paper, instead of applying the Appleton-Hartree equation and
- WKB approximation, we calculated the absorption of VLF waves at the bottom of
ionosphere numerically for the case of vertical wave injection with a vertl
geomagnetic field. The gradient of the permittivity of the ionospheric media W

taken into account. First, we compared the WKB results with our numerica
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calculated results, and evaluated the deviation of the WKB solution. Then we

compared the calculated results with lightning VLF electric field data obtained by a
rocket. We found that the lightning VLF spectra recorded by the rocket suggest that

there is significant heating of the ionosphere by VLF waves in the lower ionosphere.

7.2 EQUATIONS
Ignoring the effects of ions, we consider the ionospheric media as an
electron plasma. For linear waves in the plasma, we then have:

D=¢gfeE, (7.1)

where D is the electric displacement, E is the electric field and € is the

relative electric permittivity tensor, which can be derived from the momentum

fequation for electrons. Using Eq. (7.1) in Maxwell’s equations, we get

2
V (VeE)-VPE = — ek (7.2)
C

where ¢ is the speed of light and o is the frequency of the wave. Here we
have assumed that the wave is harmonic.

To simplify the problem, we consider the case for waves that are vertically
injected into the ionosphere with the geomagnetic field in the vertical direction.
Choosing z to be in the vertical direction, and x and y the two horizontal directions,
we have d/dx = 9/dy = 0 and d/9z#0. In this system, the relative permittivity
tensor has the form of
i ]

1 1.
5(51*‘,82) 51(81—82) 0

1, 1
-=i(g, —¢€,) 3 (e, +¢,) O

2
0 0 €,




where

e, = 1-X/(1+Y-i2), & =1-X/(1-Y-iZ), & =1-X/(1-iZ) (74)

and ' X=o0,/0, Y=0,/0, Z=v0.

In the above equations, ®,, is the plasma frequency, w,, is the electron
gyrofrequency, and v is the effective collision frequency between electrons and

neutral particles. Then Eq. (7.2) gives

azEx 1 ®?
- 7 52—2—((el+£2)Ex+i(sl—£2)Ey)

_@2:’?) _
9z°

S— (-i(e,—&)E + (g, +&,)E) - (76

1 ®?
2¢

For a whistler mode wave in parallel propagation, E, = —iE,. Theﬁ Eq. (7.5

and Eq.(7.6) give

E, ’E 2

®
2z = ?EZ(Z)E,, and &2‘ = ‘C‘Eez(Z)Ey : .7

As given by Eq. (7.4), €,(z) is related to the electron density profile, th
effective collision profile, and the model of the geomagnetic field. If the change i
g,(z) is not significant within a wavelength, a W.K.B solution of Eq. (7.7) can b

obtained, which is

E = i4—exp(ijk(z) dz) @

Jk

@ .
where k = ?JQ , and A is a constant. Here the subscript on E is omitted. Th

attenuation or absorption of waves can then be calculated from a given permittivit
profile by using Eq. (7.8). For the non-parallel propagation case, k is determined b
the Appleton-Hartree equation (Budden, 1985).

The WKB approximation does not account for the reflected waves. For radi
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waves, the change of permittivity in a wavelength is relatively small and the

reflection caused by the permittivity gradient is not significant, so the WKB solution
can be a good approximation at high frequency. However, the permittivity gradient
in the lower ionosphere is so large for these VLF waves that the reflection of these
waves cannot be ignored. Therefore, the WKB solution generally cannot be applied

in the bottom region of the ionosphere.

7.3 NUMERICAL SOLUTION

We consider a wave which is vertically injected into a horizontally stratified
ionosphere at an altitude of z, with an amplitude of E,. The wave is subject to partial
reflections with altitude in the non-uniform media, so that the wave field at each
layer is the superposition of the transmitted and reflected wave fields. Because both
the permittivity gradient of the ionosphere and the wavelength of the waves
decreases with altitude, we can assume the WKB solution becomes approximately
valid at a certain altitude z, on the upper boundary. Then, Eq. (7.7) can be solved as

a boundary value problem:

(7.9)

(7.10)

(7.11)

The region from z, to z, is divided into N horizontal layers, each with a

thickness of Az. In the ith layer, Eq. (7.9) can be written as

Ek'l-.bkEk+Ek+1 = 0 Py k =1,2,..., N (7.12)

(02
where b, = 2-—¢gAZ.
c

The above N equations can be solved using the boundary conditions from Eq.




(7.10) and Eq. (7.11). Let E = E-+iE:i and € = ¢+ iei. Then for intermediate laye:g4

we get

Erk = BrkE‘rk_"1 - BikEik+1 + Vrk .

Ei, = Bi,Er,  +BrEi,  +Vi

k+1 k?

_ anvVr, _, + aivi,_, . anvi _,— aivr, k£1:
Vrk = 2 3 ’ Vzk = 3 7 ’ )
ark + aik ark +aik

ar, = b"k_B'k_l s ar, = bik—Bik—l y
2 ’ 2
[ . ®
=2 - 2 A . 2
brk =2 28rkAZ ’ blk = - ZEIkAZ .

Cc 4

At the lower boundary, we have

br,
br12 + bilz ’

bi

B’1 = Bil =

brlEro+bi1Ei0 brlEio-'bilErO
— Vi =

Vr, = ——————— = g
! bri?+bi? Y b+ bi?

At the top boundary, E, is determined by

1= (14 kiAz) Bry — krAzBiy

krAzBry — (1 +kiAz) Biy.

105
In the above equations, kiy and k-, are the imaginary and real wave

numbers at z = z, . They are calculated by

®
kry, = ?(8r(Zl)2+8i(Zl)2)1/4COS% ,

®
by = < (e (21) 2+ &1 (21)?) ““smfz'i ,

where ¢ = atan(&i/€r) .
The wave amplitude is givenby E = m . The average Poynting flux

of the wave is calculated using

S; = -21-[15& [Ei (Er,, ~Er) —Er(Ei, —Ei))l, &

The profiles of night-time electron density and the effective collision
frequency of electrons and neutral particles used in our calculations were given in
Chapter 1. Based on the profiles, the lower and upper boundaries were chosen to be
at 80 km and 100 km respectively. The profiles of the electron density and the
collision frequency in the altitude range are shown in detail in Figure 7.1. The
geomagnetic field was taken as a dipole field with an intensity of 0.38 Gauss at the
earth surface.

At the upper boundary, it was assumed that the only wave was the upward
transmitted wave which can be approximated using the WKB solution. This
assumption was used for two reasons: 1) Our concern is the absorption in the region
below 90 km. In this region, the dominanf downward waves are the reflected waves
from the region around 93 km where a peak of permittivity gradient exists. Above
100 km, the transmitted wave has been strongly attenuated, and the ionospheric
permittivity gradient becomes relatively smaller. So the reflected waves from above
100 km are not significant in the region below 93 km. 2) Since the change in electron
density at an altitude of 100 km is small, the gradient of permittivity around this

altitude is not significant.
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Figure 7.1: The profiles of electron density and the effective collision
frequency used in the calculations

In these calculations, the region from 80 km to 100 km was divided into 200

layers (N=200). The thickness of each layer was much smaller than the wavelengths

being considered.

7.4. NUMERICAL RESULTS AND WKB RESULTS

As an example, Figure 7.2 shows the calculated results of the electric field Er,
Ei, E, and Poynting flux S of a 10 kHz wave. The electric field, Er, and Ei,, were se
to 1 and O V/m respectively.  The changes of Er and Ei with altitude include the

changes of the wave phase, the wave refractive index and the wave energy. The wav

amplitude E, calculated from Er and Ei, decreased by 70% from 80 km to 100 km
At an altitude of 87 km, there is an increase in wave amplitude. This increase is cause
by the interference between the up-going énd down-going waves, and it may als
appear at other altitudes and at other frequencies. However, even though the wav
amplitude increases at certain altitudes, the Poynting flux of the wave decrease
monotonically with alti;ude. This was expected since the waves should not gain an

energy in this region. The Poynting flux decreases from 1 erg-cm™ s at 80 km t
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.0_65 erg-cm™- s at 100 km. This is equivalent to a 3.7 dB attenuation in the wave

intensity.

T T T T T

10 kHz Wave

Altitude (km)

S( erg-cm™s7') E(100mv/m)

Figure 7.2: Changes of the electric field and energy flux of a 10 kHz
wave along the altitude from numerical calculation

| With the numerically calculated results, we can evaluate the WKB
approximation for VLF waves in the lower ionosphere. Figure 7.3(a) and 7.3(b) show
the amplitudes and the energy fluxes calculated by both numerical and WKB methods
for 10 kHz and 5 kHz waves in parallel propagation with vertical injection conditions.
In Figure 7.3(a), the wave energy flux at the injection point in the numerical result is
smaller than that in the WKB result. This is because the transmitted and reflected
waves at 10 kHz interfere constructively at 80 km, so that the wave amplitude of E,
at the lower boundary actually represenfs a transmitted wave with a smaller
amplitude. This effect is reversed at some of the other frequencies, and it does not
affect the calculation of the wave absorption rate.

It is shown in Figure 7.3 that the wave amplitude of the WKB results decreases
throughout the altitudes from 80 km to 100 km, and does not show the structure

caused by the interference of transmitted and reflected waves. From the numerical -
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Figure 7.3: The changes of wave amplitude and energy flux along the
altitude

calculation, the patterns of wave amplitude change with altitude are significantly
different at 5 kHz and 10 kHz. But in the WKB calculations, the amplitude changes

for 5 kHz and 10 kHz waves have identical patterns. The wave attenuation rates

calculated from the numerical method and the WKB method are approximately equal

about 3.8 dB at 10 kHz and 2.7 dB at 5 kHz. The ionospheric absorption at 10 kHz “

is stronger.

For ionospheric heating, the wave energy deposited in each layer with
altitude is of more interest‘. Such differential absorption rates at 1 kHz, 5 kHz and 8
kHz calculated using both the WKB and the numerical methods are shown‘ in Figur

7.4. The absorption rates were calculated in steps of 0.1km altitude and have bee
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normalized to the flux value at the point of injection

In Figure 7.4, both the numerical and WKB results indicate that the dominant
wave absorption occurs below 90km. In the WKB results, the absorption peaks
increased with frequency from 1 kHz to 8 kHz. In the numerical results, while both
the peaks at 5 kHz and 8 kHz are larger than at 1 kHz, the peak at 8 kHz is smaller
than at SkHz. Nevertheless, the absorption peak at 8kHz is apparently broader, which
indicates that the total absorption of the 8 kHz wave is still greater than that of the 5
kHz wave. The peaks of the absorption rates at 1 kHz and 5 kHz in the numerical
results are about 20% and 10% greater respectively than those found from the WKB

calculation. However at 8 kHz, the peak of the numerical result is about 15% smaller.

Numerical

g
jb]
e
E
<

2 4

145 1/1000)

Sodz
Figure 7.4:  Differential absorption rates calculated by the numerical
and the WKB method '

“The altitude of the absorption peak, which corresponds to the altitude of
maximum heating in the idnosphere, may be different when calculated by these two
methods.  For example, the altitudes of peak absorption at 5 kHz and 8 kHz
calculated by the numerical method are approximately 2 km higher than those
calculated using the WKB method.

The heating of the ionosphere by lightning-generated VLF waves includes the
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Figure 7.5.: Total absorption rates of waves from 0.5 kHz to 10 kHz

contributions by all of the frequencies generated by lightning strokes. The dominant

VLF radiation from a lightning stroke is normally in the range of 1-10 kHz (Alpert, et

al., 1967). Using both the numerical and the WKB methods, we calculated the total

absorption rate of waves from 0.5 kHz to 10 kHz. Calculations were made every 0.25

kHz, and the absorption rates were then integrated in a flat spectrum from 0.5kHz to

10 kHz. The result is shown in Figure 7.5. It is seen in this figure that the altitude of
the absorption peak calculated using the numerical method is slightly higher than that
using the WKB method. Except for this, the integral absorption rates calculated by

the two methods are nearly identical.

7.5 COMPARISON OF CALCULATIONS AND MEASUREMENTS

As shown above, the absorption of VLF waves in the lower ionosphere
increases at higher frequencies. As the lightning-génerated VLF waves propagate
through the lower ionosphere, the wave components at higher frequencies are subject
to greater energy losses. This filter effect can be investigated by comparing the
lightning spectra obtained on the ground and in the ionosphere.

The VLF radiation produced by cloud-ground lightning strokes have been
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measured on the ground in previous experiments (Watt and Maxwill, 1957, Taylor,

1963 and Alpert et al., 1967). Typically, the energy peaks of the lightning VLF

spectrum range from 5 kHz to higher frequencies. Some experiments have shown

that a peak at 5 kHz is a common feature in the VLF spectrum of whistler-producing
lightning strokes measured on the ground (Helliwell, 1965).

The lightning-generated VLF waves in the ionosphere were measured by the
WIPP and Thunderstorm rockets. Figure 7.6 shows the average powér spectra of 42
lightning-generated whistler wave packets measured by the WIPP rocket at altitudes
from 200 km to 400 km. The sources of the 42 wave packets were all cloud-ground
lightning strokes located within several hundred kilometers of the rocket. It is seen in
Figure 7.6 that the peak energy intensity of these VLF waves in the ionosphere was
at approximately 1kHz. Above 1 kHz, the energy decreased sharply with frequency.
Up to 5 kHz, the energy was reduced to less than 10% of the peak value. This
spectra is different from the lightning spectrum measured on the ground which

would typically have much higher energy densities at 5 kHz

100 ( . . . , SO
Lightning spectrum seen at rocket

80l o 5-point running average
60 +

40_\

Relative Energy Density

10 15 20
Frequency (kHz)

Figure 7.6: Average spectrum of 42 lightning-generated wave packet:
recorded by the WIPP rocket at altitudes from 200km to 400km

The difference between the spectra measured on the ground and at the rocket
is very likely produced by the filtering effect of ionospheric absorption. As we have

shown above, the peak absorption of VLF waves in the ionosphere occurs at an




altitude between 80 km and 90 km. Above 100 km, the wave absorption rate ig ; frequencies was much higher than those at lower frequencies. For example, as the
greatly reduced due to the decrease in collision frequency between electrons and collision frequency was increased by a factor of 10, the attenuation rate at 1 kHz
neutral particles. The wave energy lost in the region between 80 km and 100 km ig : increased (the Poynting flux decreased as in Figure 7.7) approximately 10 dB while
much larger than the energy lost at higher altitudes. So the difference between the the attenuation rate at 20 kHz increased 40 dB (the Poynting flux decreased by a factor
spectra should be produced mainly by the absorption at altitudes between 80 km and of 100). This effect is more pronounced when the collision frequency is increased by
100 km. However, having calculated the ionospheric absorption using the standard ; — a factor of 100. The frequency dependence of ionospheric absorption is decreased as
collision frequency profile shown in Figure 7.'1, we concluded that the absorption . the collision frequency is further increased, which is shown in Figure 7.6. In this
could not change the wave spectrum this much unless a collision frequency profile case, the motions of electrons start to be dominated by collisions, and the energy the
with much higher values was used. electrons gain from the waves is mainly determined by the collision frequency instead

We noticed that the frequency dependence of the ionospheric absorption at k of the Wave frequency.

VLF frequencies became more significant as the effective collision frequency We calculated the possible changes in an average cloud-ground lightning
increases in a certain range. To show this, we increased the collision profile in Figure " spectrum using ionospheric absorptions with different collision frequency profiles.
7.1 by factors of 10, 100, 300, and 500, and then calculated the change in the energy Three collision frequency profiles were used, the standard one in Figure 7.1 and the

flux ratio between 80 and 100 km with frequency for each case. The results are shown two increased by factors of 10 and 100. The calculated results are shown in Figure 7.8.
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apparent that wave absorption at all frequencies is greatly In the figure, the solid line is a average VLF spectrum of cloud-ground lightning
increasing the collision frequency. But the increase at higher , measured on the ground within a distance of 100km from the lightning strokes (Alpert

et al, 1967). The dashed lines show the spectrum if an absorption effect, such as that

£k AL

of Figure 7.7, is applied. The spectra have been normalized to their peak value. It is

seen from this figure that the absorption calculated using the standard collision
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frequency profile does not significantly change the wave spectra. In comparison with ' from the real case.  For lightning-generated VLF waves, which approximately

the data in Figure 7.6, it is apparent that the absorption calculated using the highest cover a spectra from 1 kHz - 10 kHz, the total absorption calculated by WKB method

collision frequency profile, which is 100 times greater than the standard profile, can seems to be a good approximation.

best explain the observed data. Both the calculations and the wave spectra recorded by a rocket show the

The profile of effective collision frequency shown in Figure 7.1 is based on frequency dependence of ionospheric absorption at VLF frequencies. The spectrum

many measurements and has been widely used (Budden, 1985), however, it is very of lightning-generated VLF waves received at the rocket suggests that the actual

unlikely to be the actual profile in our situation. The profile of collision frequency effective collision frequency profile might be much larger than the standard profile

does change slightly with time of day and with seasons. It also depends on latitude. being widely used. This appears to be the first observational evidence that the self-

But these changes are very small and can be generally ignored (Budden, 1985). A modulation effect is significant for lightning-generated VLF waves in the lower

plausible explanation for an actual higher collision frequency profile could be due to jonosphere. This also implies that there is significant heating of the lower ionosphere

the self-modulation effect of the lightning-generated VLF waves. by lightning-generated VLF waves.

As the wave energy is absorbed in a region of the ionosphere, the local The frequency dependence of ionospheric absorption at VLF frequencies

electron temperature is increased. The increase in electron temperature will then lead changes with the effective collision frequency. By simultaneously measuring the

to an increase in the collision frequency, which, in turn, will cause stronger amplitudes of VLF waves at different frequencies on the ground and in the

absorption. Such a self-modulation effect has been observed and studied at radio ionosphere we may be able to investigate the heating effects in the lower

frequencies (Maslin, 1974). It has been suggested that it plays a critical role in the ionosphere.
heating of the ionosphere by lightning-generated VLF waves (Inan et al., 1991). But
so far there has not been any reported evidence of the self-modulation effect on
lightning-generated VLF waves. The spectrum of VLF waves measured in the
ionosphere appears to be the first evidence for significant self-modulation of

lightning-generated VLF waves in the lower ionosphere.

7.6 SUMMARY

Numerical calculations were made for VLF waves propagating upward in the
lower ionosphere. The WKB approximation was evaluated using numerically
calculated results. It was shown that the WKB method is not appropriate for
calculating the amplitude of VLF waves in the lower ionosphere. For an individual
wave, such as from a transmitter, the wave absorption rates and the maximum

absorption layer calculated from the WKB method could have significant differences
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CHAPTER 8 ‘ that VLF waves generated by lightning with a horizontal range further than several
CONCLUSIONS « tundred kilometers are injected into the ionosphere by the “leaky waveguide”

mechanism, instead of the “aperture antenna” mechanism.

8.1 SUMMARY ' d) We found that the amplitude of lightning-generated VLF waves did not

In this dissertation, we studied lightning-generated VLEF waves in the V monotonically decrease with altitude in the ionosphere as normally expected; it
ionosphere using the data from the Wave Induced Particle Precipitation (WIPP) and ‘ instead had significant peaks and troughs at altitudes above 150 km. Such altitude
the Thunderstorm II campaigns. We have observed some phenomena which have not ’ profiles of VLF wave amplitude cannot be explained by standing wave patterns or by

been previously reported. We have also obtained some model results regarding the . variations in the ionospheric electron density.
propagation and absorption of VLF waves in the ionosphere. The main points of this ' e) In an effort to interpret the altitude profile of VLF wave amplitude, we
dissertation are summarized as follows: ' synthesized a model to investigate the possible effects of VLF wave interferences. In
a) Our down-looking optical lightning detector on the WIPP rocket detected ~ this model, VLF waves received at the rocket were regarded as the coherent
some Anomalous Optical Events (AOEs) which do not resemble any other known superposition of waves from an “aperture” area below the rocket. Preliminary
phenomena in the earth’s atmosphere and ionosphere. These optical events were , calculations show that this model could produce altitude profiles of VLF wave
normally accompanied with weak VLF sferics clusters and were associated with the amplitudes similar to those observed by the WIPP and Thunderstorm II rockets.
“fast trimpi” events. These events occurred at altitudes above 30 km and might have f) The direct heating of the lower ionosphere by lightning-generated VLF
been caused by high-altitude electrical discharges. waves has evoked interest in recent years. This heating is caused by wave absorption
b) We investigated the relation between the amplitude of lightning-generated in the lower ionosphere, which is normally calculated using the WKB approximation.
VLF waves measured in the ionosphere by the rockets and the intensity of lightning However, due to the sharp electron density gradient, the conditions for the WKB
currents measured on the ground by the SUNY A lightning network. It was found that approximation are generally not valid for VLF waves in the lower ionosphere.We
at frequencies below 5 kHz the amplitude of VLF waves in the ionosphere had performed a numerical calculation to investigate the absorption of VLF waves in the
positive linear responses to the lightning current intensity. At frequencies above 3 | lower ionosphere, in which the electron density gradient was taken into account. The
kHz, the linear correlation between the wave amplitude and the SUNYA current WKB approximation was evaluated using the numerical results.
intensity was poor. This indicated that lightning strokes with stronger SUNYA | g) Our calculations showed that the frequency dependence of the VLF wave
currents did not necessarily launch stronger VLF waves into the ionosphere at absorptions in the lower ionosphere became more signiﬁéant as a result of increasing
frequencies above 5 kHz. | the collision frequency between the electrons and neutral particles. We found that the
¢) Using the data from the optical lightning detector, we have been able to peak frequency in the average spectra of lightning-generated waves received by
determine the propagation times of lightning-generated VLF waves received by the rockets was generally lower than that in the si:;ectra received on the ground. We also
rockets. From their propagation times, we determined that these waves were coupled found that the difference between the spectra received by the rockets and on the

into the ionosphere from a localized area directly below the rockets. This indicates | ground supported the hypothesis of a significant enhancement of the collision
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frequency in the lower ionosphere. This is the first direct evidence for the significant

“self-modulation” effects of lightning-generated VLF waves in the lower ionosphere
and also an evidence of heating of the lower ionosphere by the lightning-generated

VLF waves.

8.2 FUTURE STUDIES
Our studies have improved our knowledge of the lightning-generated VLF
waves in the ionosphere, but many questions still remain. A summary of suggested
future studies follows:
a) The Anomalous Optical Events (AOEs) detected by the WIPP rocket have
not yet been well understood. Further observations by rockets and balloons are
required to study the causes and effects of this phenomenon. Since the AOE is
usually accompanied by characteristic VLF signals, it is also possible to investigate
this phenomenon using the ground-based VLF receivers. If AOE’s are caused by high
altitude discharges, they may turn out to be extremely important to heating and
‘dynamics in the ionospheric D region.
b) We have determined that the typical lightning-generated VLF packets
received by rockets at a horizontal range farther than several hundred kilometers from
the sources were coupled into the ionosphere in the “leaky waveguide” mechanism.
We have not been able to observe any effects generated by the “aperture antenna’”
mechanism (Kelley, et al, 1985). The wave spectra and power generated by the
aperture antenna may be different from that generated by lightning return strokes. The
Thunderstorm II rocket has detected strong electric field pulses shortly before
receiving the typical lighting-generated VLF packets (Kelley et al., 1990). These
pulses were suggested to be caused by whistler waves at frequencies above 60 kHz.
It would be of our interests. to investigate if these high frequency waves were
generated in the ionospheric media by an “aperture antenna” or launched into the
ionosphere from the earth-ionosphere waveguide. |

c) We have proposed a new wave interference model to explain the altitude
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profiles of the amplitude of lightning-generated VLF waves observed by the WIPP

and the Thunderstorm II rockets. Our preliminary calculations of the model have

shown some promising results. But more accurate calculations are necessary in order
to evaluate the model. The gradient of electron density and real wave paths should be
taken into account in the further calculation. The possible effects of the altitude
profiles of VLF waves on ionospheric processes relevant to the VLF waves also need
to be studied.
| d) The absorption of VLF waves in the lower ionosphere in known to increase
with frequency. Our calculation shows that this frequency dependence of the
absorption is enhanced as a result of increasing the collision frequency between the
electron and neutral particles. Therefore, measuring the relative amplitudes of VLF
waves at two frequencies in the ionosphere may be a method in future experiment to
detect the collision frequency changes (or heating effects) in the lower ionosphere.
¢) From the data of the WIPP and Thunderstorm II campaigns, it is possible to
estimate the total VLF energy injected into the ionosphere by an average lightning

stroke. From our calculations of VLF wave absorptions, the energy deposition by

lightning-generated VLF waves at each altitude in the lower ionosphere can be
estimated. It thus appears possible to evaluate from the data both the large-scale and
the small-scale effects of lightning-generated VLF energy in the lower ionosphere in
comparison with other energy sources in the region, such as solar radiations and

precipitating particles.
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APENDIX B
COMPENSATION FACTOR FOR FFT

In Chapter 4, we padded the data sequence with constants to a standard length
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before performing the FFT. The addition of padding constants affects the spectrum

4N avd

frr___.
Tti____.

amplitude from the FFT as would any filters. To compare different spectra, an
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amplitude compensation factor, which is related to the length of the padded sequence,
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must be applied to the FFT output. This is needed to compare frequency components

from the less dispersed and shorter lightning wave packet below 200 km with those
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at higher altitudes which are longer because of dispersion.

The Fourier transform of a data sequence F (tj) is (Brault et. al, 1971)
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where f; = (j—1)Atr, At is the sampling interval, N is the number of data

points, and f is the frequency. If the data sequence F (tj) is padded with M zeros,

the Fourier transform of the padded sequence with length M+N would be
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Here we have used F (tj) = 0 when j>N .Therefore, the compensation factor
is (Brault et. al, 1971)
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Because the data sequence is sampled for a limited time, using equation (1) is
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equivalent to windowing the data with a rectangular window function. This
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rectangular window function may generate many false frequency components. To

reduce these false frequencies, a variety of window functions can be chosen (Press et.
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al, 1990). Assuming a window function wy (¢;) (which may depend on the data

sequence length) is applied to the FFT, then the Fourier transform of a data

sequence F (1) is
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We have calculated the compensation factors using simulated waves at

N

= 1 —i2nft; - .

FOh =5 > wylr DE(1)e e 4 different frequencies and found that the results were approximately the same.
~

It can be seen from equations (1) - (4) that when the window function is

related to the data length, the compensation factor for padded data sequence cannot

be (N+M)/N, because this factor does not account for the effect of the data length on ‘Numerical

4 calibration
the window function. In our case, a numerical 4% prolate window (Thomson, 1977)

is applied in FFT transformation. This numerical window function is related to the
data length, but the effect of the data length on this window function is difficult to

obtain analytically. Therefore, we took the window function and the FFT as a “black

Compensation Factor

box” and calculated the compensation factor using a calibration method. Figure 9.1

is a diagram of our calibration method. We performed the FFT with the numerical

window on simulated data sequences with different padded lengths. Comparing the

output of the FFT, the compensation factor ( F o/ F () ) was obtained.

3030 40 30 60 70 80 90 100
. N/I(N+M) (%)
/\V/\V/\ F (1) ' Figure 9.2: Compensation factors for the padded data sequences

used when performing FFT on the VLF data. The N and M

- FFT+Window are the numbers of the original data points and the padded
V/\V/\ (1) points
N

Points © Points

Figure 9.1: Calculatioh of the compensation factor for the FFT

The solid line in Figure 9.2 shows the calculated compensation factors as a
function of the ratio between the original data length and the data length with padded
constants The N and M are the numbers of the original data points and the padded
points respectively. The dashed line in Figure 9.2 shows the result calculated from

(N+M)/N . It can be seen from the figure that thé two calculation results are
close when the original data length is longer than 40% of the entire data length, which
was the case for more than 50% of our data. When the data length is shorter than 40%
of the entire data length, the calibration results is signiﬁcantly greater than the result
calculated from (N+M) /N
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