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Abstract

Very low frequency (VLF, 3—30 kHz) radio waves can
propagate large distances around the globe in the Earth-
ionosphere waveguide and be scattered by transient distur-
bances to the lower ionosphere. Such scattering enables the
VLF remote sensing of lightning-related (as well as other)
disturbances to the D-region ionosphere (60—100 km alti-
tude). The polarization of the field scattered by the iono-
spheric disturbance has not been investigated in detail, pri-
marily because it can be difficult to measure. In this paper,
we present a simple, reliable method to accurately calculate
the polarization of such a scattered field, and we apply the
method to analyze ionospheric VLF scattering events.

1 Introduction

Measurements of the amplitude, phase, and polarization
of a propagating very low frequency (VLF) radio wave
have been applied to a wide variety of geospace-related
events [1]-[3]. When a sudden, localized disturbance oc-
curs in the ionosphere between a VLF transmitter and re-
ceiver, the received signal is affected for a period of time,
after which it recovers to (nearly) its original value. Such
transients can be produced by a wide variety of events,
including lightning (e.g., early/fast events, long recovery
events, and lightning induced electron precipitation events),
solar flares and eclipses [2], or even galactic y-ray bursts.

Early/fast events occur within 20 ms of an associated light-
ning flash, and the VLF signal perturbations reach a peak
within 20 ms of the event onset. Long recovery early events
(LORES) exhibit the same onset characteristics as early/fast
VLF events, but can take tens of minutes to recover [4].
Slow variation of the ambient ionosphere presents a ma-
jor difficulty in measuring the properties of long recovery
events [5]. The scattered field polarization measurement
described in this paper produces accurate results even when
the ambient field varies during the event.

Lightning-induced electron precipitation (LEP) occurs
when an electromagnetic pulse from terrestrial lightning
propagates into the magnetosphere [6] and resonantly scat-
ters energetic electrons trapped in Earth’s radiation belts,
causing some electrons to precipitate into the Earth’s up-
per atmosphere [6], [7]. LEP events are under current in-
vestigation [8], [9], with particular interest in ducted vs.

non-ducted events. Ducted LEP events are expected to re-
main relatively stationary, whereas non-ducted LEP events
are expected to progress poleward over the course of the
event [10].

Scattered field analysis of the form championed by Dowden
et al. [11] and revitalized by Kotovsky and Moore [12] con-
ceives of received signal as the addition of a scattered field
from the disturbance to the existing ambient field at the re-
ceiver. Past analysis of the scattered field has focused on
the change in amplitude and phase on a single channel. This
paper demonstrates a method to measure the scattered field
simultaneously on two channels using the Stokes polariza-
tion parameters [13] and presents for the first time scattered
field polarization analysis of a variety of transient distur-
bances along with the insight gained over standard scattered
field-only or polarization-only analysis.

2 Scattered Field Polarization

Consider a subionospherically-propagating VLF transmit-
ter signal received simultaneously on two orthogonal hori-
zontal magnetic field antennas and composed of an ambient
field with amplitude A and phase ¢, and a scattered field
from an ionospheric disturbance with magnitude B and an-
gle y. The total horizontal magnetic field at the receiver
may be expressed as:

Hy+Hy = (Ax exp(j¢x) + B exp(ﬁl’x)) X+

1
(Ayexp(idy) + Byexp(ius))y

For a signal with an ambient and scattered field added at the
receiver, Equation 2 gives an expression for the waveguide
Stokes parameters of the total field in terms of the amplitude
and phase of the ambient field, and magnitude and angle of
the scattered field, calculated in the manner of Burch and
Moore [3]. In practice, the magnitude B of the scattered
field may be considered zero before the onset and after the
recovery of a VLF event. Thus, the change in each parame-
ter from baseline after the onset of the event, ASy_3 may
be interpreted as the difference in the Stokes parameters
of the total and ambient fields, (Sp—3); — (So—3)a- Apply-
ing this terminology and the definitions of the ambient and
scattered field Stokes parameters yields the expressions in
Equation 3.
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Using measurements of the total field Stokes parameters
and estimates of the ambient field Stokes parameters, we
apply the Levenberg-Marquardt algorithm as implemented
by MATLAB?’s fsolve function to solve the system of non-
linear equations in Equation 3 and choose the values of
By, By, W, and y, that best match the observed change in
each Stokes parameter. Without loss of generality (for cal-
culation of the scattered field Stokes parameters), the phase
of the ambient field on one channel is taken to be zero and
the phase on the other channel is A¢ = Z(HxHy*) before
the onset of the event. A,,Ay, and (So—3), are estimated us-
ing measurements of the field before the onset and after the
recovery of each event.

In the following sections, we demonstrate the utility of this
technique by applying it selected VLF events that would be
difficult to analyze using conventional scattered field tech-
niques.

3 Long Recovery Early VLF Event

VLF amplitude and phase perturbations associated with a
long recovery event (LORE) are shown in Figure 1. The
transmitter signal phase is changing before the event onset
and does not recover to the starting value. The signal ampli-
tude also appears to be in flux, as the North/South channel
amplitude returns to the starting value around 03:30 UTC
but the East/West channel amplitude does not return to
its start value until nearly 03:40 UTC. Conventional scat-
tered field analysis would require the estimation of a chang-
ing ambient field value throughout the course of the event,
and the selection of ambient amplitude and phase estimates
would impact the apparent recovery characteristics on each
channel.
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Figure 1. Amplitude and phase measurements of a long
recovery event on the LaMoure, North Dakota VLF trans-
mitter signal recorded near Chapel Hill, North Carolina.
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Figure 2. Waveguide Stokes parameters of the LaMoure,
North Dakota VLF transmitter signal recorded near Chapel
Hill, North Carolina during a long recovery event.

The Stokes parameters of the total field, shown in Figure
2, all exhibit the same onset time and recover to the start
value (dashed line) at around the same time (approximately
03:40 UTC, giving the total time of the LORE from onset
to recovery at about 30 minutes). The Stokes parameters in
Figure 2 are given with respect to the direction of highest
signal to noise ratio (SNR) for the transmitter.

Figure 3 shows the normalized scattered field magnitude ro-
tated into the direction of highest SNR and normalized by
the high-SNR ambient field, with a distinctly different pat-
tern of onset and recovery on the high- and low-SNR chan-
nels. While the scattered field on the high-SNR channel
demonstrates a sharp onset and relatively smooth recovery,
the low-SNR channel shows a low, constant value of the
scattered field after onset until the end of the event.
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Figure 3. Normalized scattered field magnitude of the
LaMoure, North Dakota VLF transmitter signal recorded
near Chapel Hill, North Carolina during a long recovery
event.
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Figure 4. The proportion of linear- and circular-polarized
signal content in the scattered field of the LaMoure, North
Dakota VLF transmitter signal recorded near Chapel Hill,
North Carolina during a long recovery event.

The Stokes parameters of the scattered field may be
analyzed to determine the relative proportion of linear-
and circular-polarized signal content. The percentage of
circular-polarized content is (S3/S0)? * 100%. The remain-
ing signal content is linear-polarized, with a percentage
given by (82 +53)/53 % 100%. Figure 4 compares the per-
centage of linear- and circular-polarized signal content at
a 1 Hz sample rate, with 30-second averages shown by the
black line. The polarization of the estimated ambient field is
shown with a dashed line. While the scattered field is domi-
nantly linear-polarized (80-100% throughout the event), the
proportion of circular-polarized signal content surges three
times to 20-30%. It appears that additional events are occur-
ring during these pulses. We can be sure that the timescale
for recovery is valid, however, as can be calculated from the
first 7 minutes of the event with no interference.

It is particularly interesting to note that while Figure 4
shows three repeated pulses of increased circular polariza-
tion, Figure 3 only shows two associated increases in the
scattered field magnitude (one at the event onset at around
03:10 UTC, and another at around 03:27 UTC, which is
also visible in the phase of Figure 1). The change in scat-
tered field polarization visible at 03:17 UTC in Figure 4
may be attributed to an additional scattered field from an
event that would have otherwise been drowned out by the
ongoing long recovery event.

4 Lightning-Induced Electron Precipitation
Event
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Figure 5. Amplitude and phase measurements of an LEP
event on the Cutler, Maine VLF transmitter signal recorded
near East Granby, Connecticut.

Figure 5 shows a perturbation of the Culter, Maine VLF
transmitter (callsign NAA) recorded near East Granby,
Connecticut which exhibits features characteristic of a
lightning-induced electron precipitation (LEP) event, with
a strong lightning sferic detected 1-2 s before the onset of
the perturbation.
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Figure 6. The tilt angle of the scattered field of the Cutler,
Maine VLF transmitter signal recorded near East Granby,
Connecticut (top) and Camp Blanding, Florida (bottom)
during an LEP event.

The scattered field estimation method was applied to the
measured Stokes parameters for the event at both the East
Granby, Connecticut, and Camp Blanding, Florida, re-
ceivers. Unusually, the stronger scattered field appears on
the low SNR channel for this event. This would suggest
that the source of the scattered field was at a location far
off-path, unlike the long recovery event also presented in
this paper.

The scattered field recorded at East Granby was 75 — 85%
linear-polarized, and the scattered field recorded at Camp
Blanding was 85 — 95% linear-polarized over the course
of the event. Figure 6 shows the tilt angle of the linear-
polarized portion of the signal at each of the two sites over
time at 50 Hz sampling, with the black line showing a tilt
angle calculated using a 5 s moving average of the scattered
field Stokes parameters. The tilt angle is calculated as the
angle of (S| + jS»2)/2, and may be interpreted as an appar-
ent direction of arrival for the linearly-polarized signal.

Kim [9] suggested that the interhemispheric timing of
ducted and non-ducted LEP events would be significantly
different, but experimentally detecting the difference would
require an array of VLF receivers in both northern and
southern hemispheres. The tilt angles shown in Figure 6
clearly indicate that the effective center of the ionospheric
disturbance in this case is moving with time. It thus ap-
pears that the polarization of the scattered field provides
a single-site means to distinguish between non-ducted and
ducted LEP events, allowing for interhemispheric LEP tim-
ing statistics to be evaluated using single-site observations.
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