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Abstract

The Vector Electric Field Instrument (VEFI) aboard the CNOFS satellite recorded over 20 thousand 12-s-duration, 3-axis
continuous VLF waveforms syncronously on 3 crossed antenna booms. Tbis provides an important data archive on Poynting
flux and wave intensity, of relevance to wave-particle interactions in tbe low-latitude inner plasmasphere. We will provide a
summary of all the observations, not limited to discrete whistlers associable with known lightning events (our focus in previous

reports).
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C/NOFS satellite during 2008 - 2014 was at LEO 1n low-latitudes (inclination ~ 13 deg), and carried the VEFI (Vector Electric Field Instrument). We used 1t for 3-axis simultaneous recording of the VLF elec-

tric field in the band 0 - 16 kHz. We acquired ~ 20K records, each ~12-sec duration. Of these, 6890 records were both complete (all 3 axes functioning) and high-signal-to-noise ratio, allowing (with CINDI
1on composition) precise retrieval of the whistler-wave polarization, index of refraction, and wavevector.

Below 1s a spectrogram of VLF electric field E perpendicular to geomagnetic
field. The WWLLN stroke times are shown by green ticks from top axis. The
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(much fewer) detected narrow whistler 0-hop pulses are shown with longer, or-
ange/pink ticks. Note lower-hybrid scatter at > 11 kHz, and diffuse coda <7 kHz.
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Below 1s the time-average of the spectrogram from above, restricted to
> 1 kHz. The lower-hybrid frequency (~11 kHz) 1s shown. Note the en-
hancement above the lower-hybrid frequency. Nonetheless, most of the
power resides 1n the lower frequencies (< 7 kHz), where occur the diffuse
codas. The diffusion of the time signal defeats detection of narrow pulses.

Record triggered at 20090908 21:45:43 UT
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Below 1s a closer look at the dependence of detected, narrow
(<15 samples, or < 0.47 millisec, after automatic dechirping)
VLF pulses on magnetic inclination. We use local magnetic in-
clination as the independent variable, because the modeled D-
layer transmission directly and sensitively depends on this an-
gle. (a) The fraction of WWLLN strokes (worldwide) having an
identified coincident, narrow VEFI pulse. Each data point is at
the centroid of a bin in magnetic inclination. The minimum near
the Magnetic Equator (inclination = 0) would seem consistent
with the theoretical minimum of D-layer transmission. (b) Loga-
rithm of the bin-median measured transmission, that 1s, the ratio
of the Poynting flux density at VEFI to the modeled Poynting
flux density at the subsatellite point, in the Earth-Ionosphere
Waveguide. This measured transmission ratio’s inclination de-
pendence is not consistent with the theoretical expection.

for WWLLNae strokes with EIWG Poynting-fluence density > 1076 (microJ/m2)
(a) ratio of binned number of coincidences with VEFI width < 15 samples, to
binned number of WWLLNae strokes
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We had assumed when starting this research that the data would
show a broad minimum of transmission (through the D-layer)

at the Magnetic Equator. The graph (b) to left shows that this

1s not neatly borne out. Below 1s an indicator of the true effect

of magnetic inclination on the detectability of VLF pulses aris-
ing from lightning. We grade each detected pulse by its width, in
digitizer samples (0.031 millisec). We find that pulses wider than
15 samples (0.47 millisec) have diminished likelihood of coinci-
dence with WWLLN lightning strokes. Therefore, for practical
applications requiring WWLLN concurrence, we have used only
narrow (<15 samples wide) pulses. Below 1s proof that either (a)
the bin-average or (b) the bin-median width increases as the in-
clination becomes more equatorial, 1.e. approaches 0. Black 1s for
abs(inclination) > 25 deg, blue 1s for 10 to 25 deg, and red 1s for
< 10 deg (very near the Magnetic Equator). Pulses transmitted
to the satellite are broadened near the Magnetic Equator com-
pared to pulses at higher latitudes.
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BACKGROUND
CONDITIONS

Below 1s a scatter plot of the positions of all 6890 re-
cords used in this study. The position is altitude (verti-
cal axis) versus magnetic inclination (horizontal).

C/NOFS was 1n a slightly elliptical LEO orbit, inclined
~13 deg, with nominal perigee near 400 km and apo-
gee near 850 km. (During 2014 orbital decay brought it
somewhat lower). Each recording is ~ 12-s duration.

The data recordings were made (with only a few excep-
tions) during local darkness, at quasi-random times over
2008-2014. This began with deep solar minimum, then
continued with recovery from minimum. The coverage
of altitude/declination was done during this six-year du-
ration and results 1n partial aliasing amongst solar-flux,
altitude, and declination. The purpose of this section is
to show the independent variables, and in some cases
aliasing amongst them is indicated.

scatter plot of 6890 VEFI burst records
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Below 1s a scatter plot of the positions of all 6890 re-
cords used 1n this study. Color indicates log (CINDI
ion density, cm), from blue = 3 to red = 5. The cluster
of red near -40 deg inclination (lower left corner) is due
to concentrated recording late in the mission. The scat-
tered blue-coded records are from recordings near solar
minimuim.

scatter plot of 6890 VEFI records (ion density)
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Below 1s a scatter plot of the positions of all 6890 re-
cords used 1n this study. Color indicates solar zenith
angle at the sub-satellite D-layer, from blue = 0 to red
= 180. Almost all of the records occurred in local dark-

ness. The handful of blue-coded records are from record-

ings in daylight.

scatter plot of 6890 VEFI records (solar zenith angle)
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Below 1s a scatter plot of the positions of all 6890 re-
cords used in this study. Color indicates log  (rms ion-
density fluctuations normalized by the sliding mean),
from blue = -4 to red = -1. Ion-density fluctuations are

important, as they are a necessary condition for strongly-

developed lower-hybrid scattering.

scatter plot of 6890 VEFI records (relative density fluctuation)
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Below 1s a scatter plot of the positions of all 6890 re-
cords used 1n this study. Color indicates CINDI oxy-
gen fraction of ions, from blue = 0 to red = 1. The tran-
sition from oxygen-dominated to light-ion-dominated
(mainly H", but some He") affects both the index of re-
fraction and the lower-hybrid frequency.

scatter plot of 6890 VEFI records (O™ fraction of ions)
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Transmission Through the Ionospheric D Layer at Low Latitudes, Using Broadband

Radio Emissions From Lightning, Journal of Geophysical Research: Space Physics, 123, d0i:10.1002/2017]JA024942.

Below 1s a scatter plot of the positions of all 6890 re-
cords used 1n this study. Color indicates lower hybrid
frequency, from blue = 0 to red = 18 kHz. Note the ob-
vious aliasing of recording date, that 1s, when the record-
ing occurred within the varying solar cycle. (Similar to
oxygen fraction, previously.)

scatter plot of 6890 VEFI records (lower-hybrid frequency)
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Below 1s a scatter plot of the positions of all 6890 re-
cords used 1n this study. Color indicates log (“lower-
hybrid enhancement”), from blue = -3 to red = +2. This
is the ratio of the Poynting-flux density in a 2-kHz-wide
band above the lower-hybrid frequency, to a similar band
below the lower-hybrid frequency. This ratio 1s ordinar-
i1ly small (< 0.1) but spikes during pronounced lower-hy-
brid scattering. particularly near magnetic equator.

scatter plot of 6890 VEFI records (lower-hybrid enhancement)
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Below 1s the accumulated distribution of the lower-hy-
brid frequency f_for all 6890 records. (Same data as
shown as color to left.) Note that f_1s usually > 5 kHz,
and the mean 1s around 12 kHz.

Distribution of lower-hybrid frequency for 6890 VEFI records
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Below 1s the accumulated distribution of the

log, (“lower-hybrid enhancement”) for all 6390 re-
cords. This 1s the ratio of the Poynting-flux density in a
2-kHz-wide band above the lower-hybrid frequency, to a
similar band below the lower-hybrid frequency. The ver-
tical dashed line 1s at 0.3 (so the enhancement ratio there

1s 2.) This threshold will be used later.

o Distribution of lower-hybrid power ratio for 6890 VEFI records
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