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Abstract. Whistler-induced precipitation of
energetic electrons produces transient ionospheric
conductivity variations that perturd the amplitude
and phase of VLF signals propagating in the earth-
ionosphere waveguide (i.e., Trimpi events). This
study uses a waveguide mode theoretic propagation
model to predict the effect of localized ioniza-
tion enhancement (IE) regions on nighttime long-
path VLF signals from the U.S. Navy navigational
transmitters NSS, NAA, NLK and NPM to Antarctic
receiving stations, principally the U.S. station
at Palmer. These predictions are then compared
with the observed signal behavior in Trimpi events
from which inferences can be drawn about an IE re-
gion's approximate location, size, and particle
characteristics. The propagation model considers
multiple modes, variable ground conductivity, and
mode conversion. IE regioqs of variable length
(typically 50-150 km) and distance from the re-
ceiver (up to 600 km) were considered. The con-
ductivity change within an IE region was modeled
by exponential electron density profiles modified
by precipitated monoenergetic fluxes of 50- to
150-keV electrons. Our calculations show that
some signal paths are more sensitive than others
to perturbation by IE regions and that the size of
an IE region is less important than its distance
from the receiver. For a specified flux, higher-
energy electrons produce larger effects than lower
energy electrons; for a specified energy, larger
fluxes will produce larger signal changes. For
the particular case of 150-keV electrons precipi-
tating into an ionosphere with VLF reflection
height of 87 km, the received signal was largely
insensitive to increasing the electron flux above
~ 1075 erg em™2 s~1., This fiux is equivalent to
~3x 1073 erg cm™2 3~1 for E > 40 keV and an ex-
ponential energy spectrum with e-folding energy
in the range 40 - 100 keV. The measured electron
fluxes precipitated by lightning are of the same
order. Higher saturation flux levels would apply
in situations where the normal VLF reflection
height was lower over that portion of a path where
the whistler-induced precipitation was occurring.
This study also examines the effects of
transmitter-induced electran precipitation on the
VLF signals. Such precipitation is known to occur
and, as shown here, may on occasion have important
effects on certain signals.
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1. Introduction

One of the techniques that is being developed
to study the burst precipitation of energetic
electrons from the magnetosphere considers the
perturbations to subionospherically propagating
VLF signals that are caused by transient iono-
spheric electron density variations [Carpenter et
al., 1985]. Impulsive disturbances affecting the
amplitude of NSS and NAA transmissions received at
Eights and Byrd stations in the Antarctic were
first reported by Helliwell et al. [1973] who
showed that they were correlated with the occur-
rence of whistlers. Later, Dingle and Carpenter
[1981] showed that similar amplitude perturbations
were also associated with other kinds of transient
radio wave emissions. The first examples of rapid
phase changes correlated with whistlers were re-
ported by Lohrey and Kaiser [1979] on the low-
latitude path from NWC, West Australia, to
Dunédin, New Zealand. Subsequent measurements
have shown that amplitude and phase are affected
by whistler-induced perturbations on a wide vari-
ety  of VLF signal paths [Carpenter and LaBelle,
1982; Leyser et al., 1984; Kintner and LaBelle,
19843 carpenter et al., 1985; Inan et al., 1985]
and at fregquencies in the LF and MF range as well
[Carpenter et al., 1984].

Such perturbations occur for nighttime signal
paths which are believed to pass under or near the
magnetospheric propagation paths over which the’
whistler,dr noise burst is propagating. These
events, often referred to as "Trimpi" events after
the abserver who first noted them, are character-
ized by steep amplitude increases (or decreases)
of up to 6 dB over a time ihterval.of 0.5 - 2
seconds, followed by a slower return (~ 30 s) to
preevent levels. The recovery is attributed to
ionospheric, response time and is congistent with
estimates of effective recombination rates and
electron densities in the height range of interest
[Dingle, 19771.

These particular types of signal changes are
hypothesjized to result from localized ionization
enhancement (IE) regions produced by electrons
precipitating into the D region. Cyclotron reso-
nance pitch angle 'scattering of radiation belt
trapped electrons by the whistlers or noise emis-
sions was suggested to be the precipitation mech-
anism [Helliwell et al., 1973; Dingle and
Carpenter, 1981]. This followed from earlier di-
rect evidence of electron and X ray burst precip-
itation associated with whistler-triggered and
other discrete VLF emissions [Rosenberg et al.,
1971, 1981; Rycroft, 1973; Foster and Rosenberg,
1976; Helliwell et al., 1980; see also Doolittle
and' Carpenter, 1983] and has been further con-
firmed by the recent satellite and rocket-based
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TABLE 1. VLF Transmitting and Receiving Stations
Frequency, Radiated Geographic Geographic L Value Great Circle Distance, Mm
kHz Power, kW Latitude, Longitude, ta
deg deg Eights ?almer Siple
Transmitter
NAA (Cutler, 17.8 1000 44 6N 67.3wW 3.21 13.3 12.2 13.45
Maine)
NLK (Jim Creek, 18.6 850 48.2N 121.9w 3.02 14.1 13.5 14.1
Washington) :
NPM (Lua Luaiei, 23.4 300 21.4N 158.15W 1.12 12.0 12.3 11.9
Hawaii)
NSS* (Annapolis, 21.4 (new) 265 39.0N 76.45W 2.74 12.7 11.6 12.8
Maryland) 22.3 (o01d)
Receiver
Eights 75S TW 4.1
Palmer 658 64w 2.3
Siple 76S 8w 4.1

*For Eights measurements the NSS frequency was 22.3 kHz.

NSS frequency was 21.4 kHz.

measurements of Voss et al. [1984] and Goldberg et
al. [1986]. These latter studies measured
lightning-induced precipitation rates of the order
of 10-3 erg em=2 s~1 for electrons 2 50 keV, rates
which are consistent with those derived by Chang
and Inan [1985].

The localized ionization enhancements resulting
from electron precipitation perturb the normal
nighttime ionospheric VLF reflecting height at 85-
87 km [Ferguson, 1980] and consequently alter the
propagation characteristics of the earth-
ionosphere waveguide. This, plus the fact that
Trimpi events have not been observed under daytime
conditions in the region of ionospheric perturba-
tion when the normal reflecting height is T0-72 km
and whistler activity is high, indicates that the
major particle energies involved in the process
are in the range 40-200 keV. Electrons with ener-
gies extending to ~ 300 keV are appropriate’ for
eyclotron resonance with whistler frequencies
within and near the plasmasphere [Chang and Inan,
1983, 1985].

In this paper we shall examine in detail the
possible locations and characteristics of IE re-
gions which can produce Trimpi events, as may be
deduced by model predictions of propagation behav-
ior changes resulting from the various ionospheric
modifications. The scope of this paper is limited
mainly to a consideration of amplitude effects for
several of the long signal paths to Antarctica on
which the effects have been commonly observed.
However, the approach described here gives phase
information as well, and some of these results are
also presented. Details of the VLF transmitting
and receiving stations, and the path geometries,
are provided in Table 1 and Figure 1.

The two-dimensional Budden-Wait-Pappert
[Budden, 1961; Wait, 1970; Pappert and Snyder,
19721 propagation model allowing for range and
height variability but not for cross-range varia-
bility (transverse to great circle path) has been
used. This model incorporates as much realism as
is currently possible, including mode conversion
and variable ground conductivity (see also Tolstoy
[1983]1). 1In subionospheric VLF propagation, radio
waves are confined to the space between the earth
and the ionosphere where the energy can be consid-

For Palmer and Siple measurements the

ered to be partitioned among a series of complex
modes. Each mode represents a resonance condition
for the waveguide, and the number of such modes
needed to adequately represent the field is pro-
portional to the waveguide height measured in
source wavelengths; e.g., on the order of 12
modes are required at 20 kHz under nighttime con-
ditions. For a given source-receiver path or path
segment the complete set of modes 1s determined by
a computer program called MODESRCH [Morfitt and
Shellman, 1976]. However, at ranges beyond seve-
ral thousand kilometers from the source only the
lowest order modes, i.e., those most strongly
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Fig. 1. Great circle paths from VLF transmitters

NAA, NLK, NPM and NSS to Antarctic receiving
stations Eights, Palmer and Siple.
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TABLE 2. Background Nighttime Ionospheric
Parameters (h',8) for Exponential Electron
Density Distributions [Ferguson, 1980]

Season ht, B, Magnetic Dip,
km per km degrees
Summer 87 0.0077f + 0.31 all
(0.45 for £=17.8,
0.45 for r=18.6,
0.47 for f=21.4,
0.48 for f£=22.3,
0.49 for f£=23.4)
Winter 87 0.0077f + 0.310 S 70
85.6 0.0132f + 0.243 VAl
84.2 0.0187f + 0.176 72
82.8 0.0241f + 0.109 73
81.4 0.0296f + 0.042 T4

8o 0.0350f - 0.025 2 75

Here f is transmitter frequency in kilohertz
(10 to 35).

excited and having smallest attenuation rates,
contribute significant energy to the field. Con-
sequently, for long paths encountering no abrupt
changes in environmental parameters we retained
only the five strongest modes for consideration.
Otherwise, for short paths or for path segments in
regions of abrupt changes such as ground conduc-
tivity changes from seawater to ice or transitions
into or from IE regions, we retained the complete
mode set represented by 15 modes.

Within the IE regions considered the modified
electron density profiles were obtained by adding
the ionization effects of specified incident elec-
tron energies and flux levels to the standard ex-
ponential background profile. A scheme to extend
the two-dimensional model to quasi-three-
dimensional so as to account for the more real-
istic geometry of the localized IE regions has
been described [Tolstoy and Rosenberg, 1985], but
not yet implemented.

2. Background Ionospheric Conditions

The ionosphere consists of a number of ionized
regions above the earth's surface, each of which
affects a different regime of radio wave frequen-
cies. At VLF frequencies (3-30 kHz), the portion
of the ionospheric D region from 60 to 90 km above
the earth's surface most strongly influences sub-
lonospheric waveguide propagation. 1In this height
range, and under quiet conditions, it can be shown
that ions will give no observable effects [Budden,
1961; Thomas, 1969]. Consequently, at the heights
of interest here a description of the ionospheric
medium must include consideration of the earth's
magnetic field and of the electron density (N) and
electron-neutral collision frequency (v) distri-
butions. The modeling of the geomagnetic field ie
straightforward and is based upon a multipole ex-
pansion in terms of spherical harmonics [see Cain
et al., 1967]. However, the modeling of N and v
is not as well understood and so is somewhat more
controversial.

Considerable theoretical work in VLF propaga-
tion has been done over the last 20 years. As a
result it is known that small changes in iono-
spheric parameters, e.g., changes of 5 km in the
effective reflection height of a nighttime iono-
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sphere, can result in up to 20-dB changes in sig-
nal amplitude calculations [Ferguson, 1980].
Consequently, accuracy in the description of the
ionospheric medium is crucial.

The background nighttime exponential profiles
for electron density and collision frequency in
general use for VLF modeling [Wait and Spies,
1964] are given by

N(z) = 1.427 x 107 exp(-Bh' + (8-0.15)z) (1)
v(z) = 1.816 x 10! exp(-0.15z) (2)

where h' is reference height (kilometers), 8 is
electron density gradient (per kilometer), and z
is height above the surface of the earth (kilo-
meters).

According to Ferguson [1980] the values of the
reference height and electron density gradient
given in Table 2 provide the most accurate de-
scription of the nighttime background electron
density in the lower ionosphere. Note the varia-
tion of the parameter B with frequency. This in-
dicates that N(z) must be approximated by slightly
different exponentials at the different height
levels interacting with each signal frequency. It
is also interesting to note the winter enhancement
of electron density for large magnetic dip.

3. Modification of Background Conditions

3.1. Whistler—~Induced Changes

The main hypothesis behind this study is that
an observed VLF signal perturbation occurring
nearly simultaneously with the reception of a
whistler is the result of that particular whistler
inducing electron precipitation down to heights
sufficient to alter the upper VLF waveguide bound-
ary in a limited region and consequently affect
the wave propagation. Direct evidence linking
measurements of whistler-induced electron precipi-
tation to VLF signal perturbations has only re-
cently been obtained [Voss et al., 1984]. Al-
though estimates have been made of lightning-
induced electron precipitation [Chang and Inan,
19851, quantitative relationships showing how the
magnitude of the signal perturbation depends on
size and location of the perturbed region and on
the particle flux and spectra have only been
attempted on a first-order basis [Inan et al.,
19851].

Since experimental data on the flux and spectra
of electrons precipitated by whistlers are usually
not available, we used the computer program TANGLE
(courtesy of R. Vondrak and based on the work of
Rees [1963]) to calculate the change in electron
density profile produced by specified incident
electron energles and fluxes. The modified pro-
files (see Figure 2) used to represent conditions
in IE regions were calculated for monoenergetic
spectra covering a range of electron energies
(50-150 keV) and fluxes (1077 to 1073 erg cm™
s~1) considered to be representative of the Trimpi
effect. The effects of very localized regions
(10 - 150 km in length) were examined with these
modified profiles.

From case studies of Trimpi events observed on
paths from NSS and NLK to Palmer station,
Carpenter and LaBelle [1982] concluded that the IE
regions are located within 500 km of Palmer and
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Fig. 2. Examples of modified electron density

profiles for ionization enhancement (IE) regions
resulting from the indicated energies and fluxes
of precipitated electrons. The nighttime back-
ground exponential profile is characterized by h'
= 87 km, B = 0.47 km™?.

that an individual region, associated with a par-
ticular whistler path, could be less than 200 km
in east-west extent. Subsequent measurements that
included NPM at Palmer and represented a larger
number of observing days have supported these ini-
tial findings, but also show that perturbed re-
gions can occur as far as 1800 km from the receiv-
ing station [Leyser et al., 1984]. Moreover, mul-
tiple precipitation regions can exist, distributed
in latitude and longitude over distances of the
order of 500 km [Carpenter et al., 1984].

3.2. Transmitter-Induced Changes

Electron measurements on low-altitude satel-
lites and rockets have provided evidence of elec-
tron precipitation induced by ground-based VLF
transmitters [Imhof et al., 1981, 1983; Goldberg
et al., 1983]. Such precipitation has so far been
detected in relatively few cases. In addition,
recent observations of whistler-induced perturba-
tions on subionospheric VLF signals originating at
very low southern latitudes [Inan et al., 1985]
(where overhead precipitation would not be ex-
pected) indicate that precipitation regions near
the source may only be involved in selected cases.
Nevertheless it is worthwhile to investigate the
possible significance of this effect.

Estimates have been made of the size and inten-
sity of electron precipitation zones that may
exist around VLF transmitters under appropriate
nighttime ducting conditions [Inan, 1981; Inan et
al., 1984]. As an example, Figure 3 illustrates
the latitudinal profiles of precipitated electron
flux and energy in the vicinity of NSS predicted
to arise from wave-particle scattering interac-
tions of the transmitter signal with trapped ra-
diation. We have analyzed the effect of such zones
on VLF propagation by using program TANGLE to
convert the estimates of electron energy distri-
butions and fluxes to equivalent modified electron
density profiles and by subsequently incorporating
those profiles into the propagation model.

4, Model Calculations
In general, nighttime paths longer than six or

seven thousand kilometers are usually character-
ized by one strongly dominant mode. When a single
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mode encounters a region of increased electron
density, its attenuation is increased and its
phase is advanced. If only one mode is needed to
describe the signal near an IE region (and mode
conversion is not considered), then the signal
amplitude would be expected to decrease (as a con-
sequence of both spreading and absorption losses)
and the phase to advance after encountering the
region. However, if two or more modes are re-
quired to represent the signal, then amplitude
increases and phase retardations may result as the
mode interference pattern is changed.

The NSS to Eights station path for which fre-
quent, large increases (up to 6 dB) had been re-
ported [Helliwell et al., 1973] was examined in an
earlier study [Tolstoy et al., 1982] using a pro-
pagation model which included neither mode conver-
sion nor the very low conductivity effects of Ant-
arctic ice. Those results showed that a single IE
region located anywhere on the great circle path
could not reproduce the reported, large-amplitude
increases. However, it was found that the effect
of two such regions, one located near the trans-
mitter and one near the receiver, present simulta-
neously, could account for the observations. We
reexamined this path with the newer model and
found that the principal results did not change
significantly. We refer the interested reader to
Tolstoy [1983] for the details.

For the purpose of this study the more inter-
esting data refer to the more recent multiple path
observations at Palmer station which show that
some paths are rarely disturbed while others have
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Fig. 3. Latitude profiles of electron energy and
flux of transmitter-induced precipitation along
the 77° W meridian through the NSS transmitter
[from Inan, 1981]. The top panel gives the range
of electron energies contributing to the energy
flux in the bottom panel. Vertical lines indicate
the latitudinal extent of the IE region adopted
for the calculations in this paper.
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particular disturbance patterns. Note that the
calculations for all paths are normalized to a
transmitter radiated power of 1 kW. When account
is taken of the actual radiated powers (see Table
1), the predicted signal amplitudes are 20-30 dB
higher than given in the figures and are within
about 5 dB of the values observed for each path.

Most of the recent studies of Trimpi events
[e.g., Carpenter and LaBelle, 1982; Leyser et al.,
1984] involve measurements made at Palmer, located
at the edge of the ice whose effects can be ig-
nored until a few wavelengths beyond the boundary.
The data include signals from NSS, NAA, NLK, and
NPM. In general the NSS amplitude data show small
to medium increases (a few decibels), the NAA sig-
nal is usually undisturbed but can show small in-
creases, NLK shows occasional, small increases,
and NPM shows many small negative changes.
4.,1. NSS to Palmer

We began by examining the effects upon the NSS
signal (at 21.4 kHz) of IE regions located near
Palmer. The background signal is shown in Figure
4, and we notice that under background conditions,
Palmer (P) is located somewhat before a signal
maximum, i.e., in a region showing rapid signal
change. Thus, we expected and found the signal to
be quite sensitive to disturbances near Palmer.
Both amplitude increases and decreases of several
decibels can be produced by IE regions near the
station. In general, the proximity of the region
to the station was found to have far more effect
than its size.

We considered the effects of IE regions pro-
duced b¥ small fluxes (1073 to 10~7 erg
em™2 s71) of 50-, 100- and 150-keV electrons.
Figure 5 shows the amplitude changes that result
from the indicated electron energies and fluxes
precipitated into a 50-km-long region whose center
is 575 km from Palmer. It is evident that higher-
energy electrons cause larger signal perturbations
for a given flux (10~! erg em™< s~ for the case

shown). Furthermore, at constant energy (150 keV
in Figure 5), increasing the flux from 10-7
to 10°5 also results in larger effects upon the
e L e e e
1 eof NSS at 21.4 kHz to Palmer 1
(PR
g S0FV N\ /’_\ 4
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Fig. 4. Amplitude of the signal from NSS to

Palmer (P) as a function of great circle distance
from NSS. The dashed curve corresponds to an
exponential background with B = 0.47 km™!, h' = 87
km. In this and subsequent figures the 81gnal
amplitudes are normalized to a transmitted power
of 1 kKW. The actual amplitudes should be 20 - 30
dB higher depending on the transmitter (see Table
1 for the actual radiated powers).
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NSS at 21.4 kHz to Palmer Station
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Fig. 5. Amplitude changes of the NSS signal near
Palmer caused by IE regions of various electron
precipitation energies and fluxes. The IE region
in all cases is 50 km long and is centered 575 km
from Palmer (P). Amplitude is measured in
decibels above 1 uV m~1 as in Figure 4. The
curves are offset for ease of comparison.

signal. For a region located ~ 400 km from Palmer
(a great circle distance of 11.2 Mm from NSS) the
maximum amplitude increase was 2.1 dB for the

10°7 erg ecm™2 s~1 flux and 5.7 dB for the 107>
erg cm™ s”1 flux.

In general, we found that the amplitude change
was proportional to the flux for very small fluxes
(< 1075 erg em™2 s-1). However, a flux of 10
erg em2 s~ at 150 keV produced perturbations
only slightly larger than those for 1075 erg cm™2
s~ (not shown). This saturation effect appears
to be a consequence of the fact that reflection of
VLF energy at the nighttime ionospherie boundary
of the waveguide is nearly complete below 87 km
altitude where electron densities are in excess of
20 em™3 As shown in Fi;ure 2 this density is
achieved at 83 km for 10~ erg em™2 s~1 and at 75
km for 10~5 and 10™3 erg cm” 2 g1, Note that a
flux of 1072 erg cm =2 g=1 at 150 keV is equivalent
(if one assumes an exponential spectrum with E
= 40 - 100 keV) to an energy deposition rate of
~3 x 1073 erg cm™2 s~1 for E > 40 keV, which is
of the same order as the measured electron fluxes
in lightning-induced precipitation events [e.g.,
Voss et al., 1984; Goldberg et al., 1986].

In general, the saturation flux will depend on
the energy spectrum of the precipitated electrons
and the background electron density. Higher back-
ground densities below 87 km than those assumed
here may apply over a portion of the paths near
Palmer since there is evidence [e.g., Vampola and
Gorney, 1983] that the average energy deposition
into the atmosphere in the viecinity of Palmer from
electrons of energies above a few tens of kilo-
volts may be of the order of 105 erg em™2 571 or
higher. Such precipitation would result in a
lower background reference height h' over the
affected portions of the paths. This would lead
to different IE region parameters to produce the
same effects. Nevertheless, a saturation flux
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Fig. 6. Amplitude of the signal from NSS to

Palmer (P) as a function of great circle distance
from NSS. The dashed curve corresponds to an
exponential background with B = 0.47 km=1, h' = 87
km (same as in Figure 4). The solid curve shows
the possible influence of transmitter-induced
electron precipitation.

level would still occur whenever total electron
densities of the order of 100 cm~3 are produced.
For a given spectrum, the saturation levels in
such cases would be higher.

We also note that while a saturation effect is
observed when the flux is increased while keeping
the size of the IE region constant, such a circum-
stance may not be representative of precipitation
regions generated by whistlers. Indeed, both the
spatial size and the spectral content of whistler-
induced precipitations would be expected to be
highly dependent on the flux level. Stronger
lightning flashes would launch wave energy over a
broader region within which precipitation might
ocecur; similarly, higher fluxes would be expected
to consist of particles having a wider range of
energies [Chang and Inan, 1985], thus changing the
density profile within the IE region.

Although the amplitude increases reported for
Palmer can be explained by the IE regions exam-
ined, for completeness we also investigated the
effects of predicted transmitter-induced electron
precipitation. The signal perturbed by precipita-
tion around NSS shows a more pronounced mode
interference pattern than the background signal
(see Figure 6); the effects on this perturbed
signal of IE regions near Palmer were found to be
larger than those on the background signal.

Thus, from the model predictions we conclude
that (1) the size of the IE region (10 to 150 km)
is relatively unimportant; (2) the higher-energy
electrons have more effect on the VLF signal than
the lower-energy electrons for a given flux; (3)
increased flux results in increased signal pertur-
bation (up to some maximum value); (l) very small
flux levels (1075 to 107 erg cm~< s~ ! depending
on particle energy) can produce disturbances ap-
propriate to those seen in the data; (5) the larg-
est amplitude increases occurred for IE regions
located ~ 400 km from Palmer; and (6) the sensi-
tivity of the signal to IE regions near Palmer
can be increased by the presence of transmitter-
induced electron precipitation.

4.2. NAA to Palmer

The NAA transmitter is at a geomagnetic lati-

tude (dip angle of T73.35 degrees) such that ac-
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count should be taken of the change in h' with
latitude for winter night conditions (see Table
2). Hence, we examined the NAA to Palmer signal
under those conditions as well as under summer
night conditions. Figure T shows that both of
those signals (the solid and dotted curves) are
almost identical beyond 1 Mm from NAA and become
very flat beyond 8 Mm (the first TM (transverse
magnetic) mode is strongly dominant). The effect
of transmitter-induced electron precipitation
(energies and fluxes for NAA can be found in the
work by Inan et al. [1984]), if present, is to
reduce the signal level, but retain almost iden-
tical character beyond 4 Mm to that of the undis-
turbed signals (see the dashed curve in Figure
7). The slight effect of this precipitation upon
the signal is not surprising since at the high
latitude of the NAA transmitter the precipitated
electron energies are low (< 40 keV until 40 de-
grees north, or ~ 500 km south of NAA) while at
the lower latitudes which are farther from NAA the
predicted fluxes are too low to have much effect.

Consider next the effects on the signal of IE
regions near Palmer. For regions at 350 km from
Palmer resulting from the incidence of 150-keV
electrons the signal usually shows amplitude in-
creases with maximum values of 0.6 dB for a flux
of 10°7 erg em™2 s~1 and 3.2 dB for 1075 erg
em~2 s~1. This latter increase is much larger
than has yet been reported. To summarize the NAA
results, we find that: (1) the NAA signal is not
significantly affected either by high-latitude
winter effects or by transmitter-induced electron
precipitation; (2) the NAA signal is less sensi-
tive to perturbation than the NSS signal; and (3)
the NAA signal will usually show increases for IE
regions near Palmer.
4.3. NLK to Palmer

As a function of distance from NLK to Palmer
this signal shows a strong mode interference pat-
tern with Palmer located just after an amplitude
maximum (see the dashed curve of Figure 8). The
effect of transmitter-induced electron precipita-
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Fig. 7. Amplitude of the signal from NAA to
Palmer (P) as a function of great circle distance
from NAA. The solid curve corresponds to the
Ferguson [1980] exponential background for summer
night conditions with B = 0.45 km~1, h' = 87 km.
The dotted curve corresponds to winter night con-
ditions with high-latitude effects near NAA, and
the dashed curve to summer night plus the in-
fluence of transmitter-induced electron precipi-
tation.
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tion was also considered. The signal showed a
stronger mode interference pattern overall (see
the solid curve of Figure 8) but similar behavior
near Palmer. For both conditions, IE regions
placed within 500 km of Palmer (at great circle
distances of 13.0 to 13.5 Mm from NLK) are inter-
acting with a slowly changing signal. Hence, we
expected and found the signal to be somewhat in-
sensitive to IE regions near Palmer. We can sum-
marize the results for this path as follows: (1)
IE regions generally produce small increases in
the NLK signal amplitude when the region is lo-
cated farther than 150 km from Palmer; small de-
creases can also occur but are probably less fre-
quent; and (2) transmitter-induced electron preci-
pitation does not significantly change the NLK
signal in the neighborhood of Palmer.
4.4, NPM to Palmer

The great circle path from NPM to Palmer is an
all-seawater path showing an essentially flat am-
plitude plot near Palmer (Figure 9). Hence, we
expected and found the NPM signal to be relatively
insensitive to IE regions near Palmer. However,
small amplitude decreases could be produced.
Transmitter-induced electron precipitation would
be expected to be mostly negligible, owing to the
very low geomagnetic latitude of the NPM trans-
mitter [Inan et al., 1982].

4,5, Summary of Results Specific to Palmer

The effects of IE regions produced by 107 erg
em=2 s~1 of 150 keV electrons on the amplitude of
signals from NSS, NAA, NLK, and NPM received at
Palmer are summarized in Figure 10. Approximate
magnitudes and signs (increasing or decreasing) of
individual amplitude changes at Palmer are shown
as a function of the distance of the IE regions
(50 km long in all cases) from the receiver. 1In
addition, these results together with calculations
of phase changes are shown in Table 3. Note that
phase retardations as. well as phase advances are
predicted by this model. Such behavior has been
observed in recent data and is difficult to pre-
dict with single mode models [Inan et al., 1985].
In the examples of Figure 10 and Table 3, phase
changes of up to ~ 3 us are obtained, consistent
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NLK at 18.6 kHz to Palmer
per turbed
----- background

Signal strength (dB above Ime-')
W
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2 4q 6 8 10 12 P
Distance from transmitter (Mm)

Fig. 8. Amplitude of the signal from NLK to
Palmer (P) as a function of great circle distance
from NLK. The dashed curve corresponds to an
exponential background with B = 0.45 km~1, h' = 87
km. The solid curve shows the influence of
transmitter-induced electron precipitation.
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Fig. 9. Amplitude of the signal from NPM to
Palmer (P) as a function of great circle distance
from NPM for an exponential background with 8 =
0.49 km~1, h' = 87 km.

with values observed on some of these paths [Inan
et al., 1985].

In general, we find that the NSS signal is the
most sensitive to perturbation of those signals
examined. Disturbances of over 2 dB can be pro-
duced by small IE regions of high-energy electrons
precipitating in very small fluxes near Palmer.
Larger effects are predicted if the NSS signal is
also disturbed by transmitter-induced electron
precipitation. IE regions near Palmer produce
relatively small effects upon the NAA, NLK, and
NPM signals. With respect to the size of events
on NSS and the relative sizes of amplitude changes
on the several observed signals, these results are
consistent with observed data.

5. Summary and Conclusions

For this study we used a waveguide mode theo-
retic propagation model to examine the effect of
electron ionization enhancement (IE) regions on a
variety of VLF signals. The model included both
mode conversion and changing ground conductivity
along the propagation path. Currently accepted
background ionospheric profiles for electron den-
sity as well as profiles predicted to result from
transmitter-induced electron precipitation were
incorporated. Our study examined the NSS signal
received at Eights and signals from several trans-
mitters (NSS, NAA, NLK, NPM) received at Palmer.

Propagation model predictions of signal ampli-
tude show that each transmitter to receiver path
has a unique character, and thus each path reacts
differently to the same IE regions. The most
important factors affecting those paths under
uniform background conditions' are the transmitter
frequency, geographic location, the electron den-
sity profile, and the ground conductivities en-
countered. As a result of the interplay of these
parameters, it is necessary to perform full model
calculations for each path in order to deduce the
effect of an IE region.

The model computations applied to the multiple
path observations at Palmer are able to reproduce
a number of the general features of the data. We
conclude that the NSS signal is most sensitive to
IE regions near the receiver; that amplitude in-
creases predominate; that the largest amplitude
increases occur for IE regions located ~ 400 km
from Palmer; and that signal sensitivity increases
with the presence of transmitter-induced electron
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Fig. 10. The amplitude effects of IE regions on
NSS, NAA, NLK, and NPM signals at Palmer. The
plus and minus signs indicate the size and sense
of amplitude changes observed at Palmer for an IE
region located at the sign. A region 50 km in
length resulting from 150-keV electrons with a
flux of 1077 erg em=2 s~ 1s assumed. Distance is
given by the circular segments at intervals of 100
km from Palmer.

precipitation. For the NAA signal at Palmer we
find that the signal changes little in the pres-
ence of transmitter-induced electron precipitation
or as the result of possible high-latitude winter
effects near the transmitter. The NAA signal
usually shows amplitude increases for IE regions
near Palmer but is much less easily perturbed by
small fluxes than is NSS. The NLK signal shows
small increases for IE regions near-Palmer and is
not significantly affected by the presence of
transmitter-induced electron precipitation. NPM
shows small decreases for IE regions located at
least 200 km from Palmer.

In general, for long-path VLF signals recorded

at Antarctic receivers we conclude that: (1) the
size of the IE region is less important than its
distance from the receiver; (2) for a given flux
level, higher-energy electrons have larger effects
on the signals than do lower-energy electrons;
and (3) larger fluxes result in larger amplitude
change.

The model calculations, performed for a mono-
energetic spectrum of 150-keV electrons and for a
nighttime ionospheric VLF reflecting height h' of
87 km, predict a saturation of the effect in (3)
for fluxes larger than -~ 105 erg an~2 s~ .
assuming that the size of the IE region is inde-
pendent of flux level. This latter condition,
however, may not be representative of whistler-
induced precipitation. The above flux is equiv-
alent to ~ 3 x 1073 erg ecm™2 3~1 for E > 40 keV
assuming exponential electron spectra with
e-folding energies of 40 - 100 keV. The measure-
ments of Voss et al. [1984] and Goldberg et al.
[1986] and the calculations by Chang and Inan
[1985] indicate that electron fluxes of the order
of 1073 erg em™2 5~ are involved in Trimpi
events. If h' near Palmer were lower owing, for
example, to the presence of quiet time energetic
electron precipitation, then higher whistler-
induced fluxes (for a given spectrum) would be
required before this saturation effect would occur
in Trimpl events. (Note that a saturation effect
on nighttime VLF phase was pointed out previously
by Potemra and Rosenberg [1973] in connection with
events on the spatial and temporal scale of sub-
storms.)

The model calculations support the hypothesis
that whistlers can induce the precipitation of
small localized fluxes of energetic electrons
which subsequently perturb the nighttime VLF
signals passing through those regions. Further-
more, predictions as to the effects of such re-
gions on the VLF signals can be made including
inferences about a region's approximate location,
size, and particle characteristics (energy and
flux level). Lastly, the calculations suggest
that transmitter-induced electron precipitation,
which is known to oceur, may on occasion have
important effects on nighttime VLF propagation,
particularly as shown here for the NSS signal.

Further studies will be concerned with the
application of the model to shorter paths and to

TABLE 3. Predicted Amplitude (AA) and Phase (At) Changes of
VLF Signals Received at Palmer, Antarctica

Distance From NSS NAA NLK NPM

Palmer, km AA, dB At, ps AA, dB At, us AA, dB At, us AA, dB At, us
50 0.12 1.97 0.29 -1.27 -0.04 0.10 - -~
100 0.18 0.27 -0.02 0.20 -0.08 -0.06 0.04 0.04
150 0.22 1.57 0.21 0.11 0.16 -0.09 . -0.05 0.10
200 0.42 2.22 0.00 -2.81 0.10 1.00 -0.06 -0.04
250 -0.25 1.21 -0.42 0.96 0.00 0.26 0.07 -0.11
300 -0.85 0.87 0.62 2.83 -0.05 0.00 -0.02 0.04
350 1.22  -1.59 0.64 -0.59 0.4 -0.27 0.24 0.50
400 2.08 0.61 0.95 -2.62 0.28 0.20 0.02 0.83
450 1.52 2.78 - - 0.38 0.16 -0.27 0.79
500 0.63 2.89 - - 0.39 0.91 -0.34 0.49

The location of the IE region (150-keV
is given in the first column; At positive

electrons, 1077 erg em~2 -1, 50 km length)
corresponds to phase advance.



Tolstoy et al.:

higher- and lower-frequency signals, and with the
correlation of phase predictions with recently
obtained phase data. Extension of the model to
three-dimensional capability is also intended.
Combining multiple path data with a model that can
treat the spatial extent of the perturbed region
in three dimensions offers the promise of being
able to locate more precisely the IE region cor-
responding to a given Trimpi event.
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