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Abstract TheD region of the ionosphere (60-90 km altitude) is highly variable on timescales from
fractions of a second to many hours, and on spatial scales up to many hundreds of kilometers. Very low
frequency (VLF) and low-frequency (LF) (3-30 kHz and 30-300 kHz) radio waves are guided to global
distances by reflections from the ground and the D region. Therefore, information about its current state is
encoded in received VLF/LF signals. VLF transmitters have been used in the past for D region studies, with
ionospheric disturbances manifesting as perturbations in amplitude and/or phase. The return stroke of
lightning is an impulsive VLF radiator, but unlike VLF transmitters, lightning events are distributed broadly
in space allowing for much greater spatial coverage of the D region compared to VLF transmitter-based
remote sensing in addition to the broadband spectral advantage over the narrowband transmitters. The
challenge is that individual lightning-generated waveforms, or “sferics,” vary due to the lightning current
parameters and uncertainty in the time/location information, in addition to D region ionospheric
variability. These factors make it difficult to utilize the VLF/LF emissions from lightning in a straightforward
manner. We describe a technique to recover the time domain and amplitude/phase spectra for both B¢ and
Br with high fidelity and consider the utility of our technique with ambient and varied ionospheric
conditions. We demonstrate a technique to simulate sferics and infer a parameterized ionosphere with the
Wait and Spies parameters (h’ and ) offering all of the tools needed for a global measurement.

1. Introduction

The Dregion of theionosphere (60-90 km) is a relatively inaccessible but important region for subionospheric
radio propagation. It consists of cold collisional plasma that efficiently reflects waves at lower frequencies with
some amount of loss and dispersion while causing significant losses to high-frequency (HF, 3-30 MHz) prop-
agation which slowly refracts through the upper ionosphere after passing through the D region. The D region
electron density varies due to solar effects over diurnal, seasonal, and solar cycle periods. It also varies on
smaller spatial and time scales due to unpredictable transient perturbations such as solar flares as discussed in
Mitra (1964), lasting minutes to hours and affecting the entire dayside ionosphere; lightning-induced electron
precipitation described in Helliwell et al. (1973), lasting tens of seconds to minutes and hundreds of kilome-
ters in extent usually observed in the nighttime D region ionosphere; electrodynamic heating from lightning
(Inan etal,, 1991), lasting up to tens of minutes and tens of kilometers in extent also typically observed in the
nighttime D region ionosphere; or the winter anomaly D region as described by Sechrist et al. (1969) causing
an enhancement of D region electron density for days or weeks. The D region also varies on a latitudinal basis,
for example, the polar regions are dominated by particle precipitation and in strong events there is significant
perturbation to the D region causing abnormal HF absorption known as polar cap absorption (Megill et al.,
1971). Furthermore, the occurrence and extent of solar eclipses is well known, but the effect on D region den-
sities and wave propagation is not yet fully understood (Clilverd et al., 2001). The unperturbed nighttime D
region is ionized primarily by galactic cosmic rays, X-rays (<1 nm), and Lyman-a (121.6 nm) radiation emission
from hydrogen. The daytime ambient ionosphere ionization is dominated by Lyman-a radiation (Kockarts,
2002). However, during an X-ray solar flare, the D region ionization is dominated by the photoionization of
the atmospheric gases (Grubor et al., 2008).

The electron densities of the E and F regions of the ionosphere (100-500 km) can be measured more readily
by radars or by HF propagation (Alfonsi et al., 2008) to produce reasonably accurate electron density pro-
file estimates, many of which are included in the empirically constructed International Reference lonosphere
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(Bilitza et al., 2011). However, the D region is much more difficult to characterize as it is too high for balloons
and too low for satellites, not sufficiently ionized for radars, and responds to different geophysical drivers
than the E and F regions. The International Reference lonosphere therefore is much less reliable for estimat-
ing D region parameters. Rocket-based measurements produce good ionospheric profile results (Friedrich &
Torkar, 2001; Kintner et al., 1983; Sechrist, 1974), but they cannot realistically be applied on a continuous and
global basis.

Terrestrial very low frequency (VLF, 3-30 kHz) and low-frequency (LF, 30-300 kHz) waves propagate to
great distances (>2 Mm) (Higginson-Rollins & Cohen, 2017) guided by the Earth ground and the D region
of the ionosphere, which form a waveguide commonly known as the Earth-ionosphere waveguide (EIWG).
Therefore, propagating VLF/LF signals carry with them information about the current state of the D region.
Because of this global propagation and since waves are able to penetrate significantly into water via the
skin effect, various navies have constructed and operated VLF transmitters for the purposes of submarine
communications. These transmitters operate almost continuously at constant power and frequency allowing
an observer to employ them to monitor the current conditions of the ionosphere. For example, McRae and
Thomson (2000), Thomson (1993), Thomson et al. (2007), & Thomson and McRae (2009), and Thomson (2010)
have all used these VLF transmitters to infer the ionospheric conditions for VLF propagation. In many VLF
remote sensing studies, the D region is assumed to follow a two-parameter electron density profile consist-
ing of a height h" and a steepness , as introduced by Wait and Spies (1964). A propagation model such as the
long wavelength propagation capability (LWPC) code (Ferguson, 1998) is then used to estimate ionospheric
waveguide parameters that most closely match observations. Many have used VLF transmitters and LWPC to
infer simplified ionospheric parameters during solar flares (Dahlgren et al., 2011; Grubor et al., 2008; Kolarski
& Grubor, 2014; McRae & Thomson, 2004; Singh et al., 2013; Suli¢ & Sre¢kovi¢, 2014; Thomson & Clilverd, 2001;
Thomson et al.,, 2005). Current VLF remote sensing techniques nearly always use this approach.

Large current sources in lightning flashes also generate powerful impulsive broadband radio wave packets
in the VLF/LF bands known as “radio atmospherics” or “sferics.” These sferics also propagate efficiently (few
dB per Mm attenuation) to global distances guided by the EIWG. Sferics therefore provide a convenient sig-
nal of opportunity to monitor ionospheric conditions along the path from the lightning source to a VLF/LF
receiver. Using this capability, Cummer et al. (1998) and Cheng et al. (2006) developed a technique of moni-
toring the modal interference pattern in sferic amplitude spectra to infer the Wait and Spies parameters. The
observations were interpreted using a finite-difference time domain simulation, leading to estimates of mid-
latitude diurnal variations in the D region height h’ and sharpness # (Han & Cummer, 2010a, 2010b; Han et al.,
2011). For both VLF transmitter and sferic-based ionospheric remote sensing at large distances, the inferred
D region waveguide parameters can be assumed to be a path-averaged inference, being the summation of
multiple waveguide modes, except in the presence of a sharp scattering feature such as an early/fast event
(Inan et al., 2010).

Using time domain sferics, Lay & Shao (2011a, 2011b) developed a technique to sense a small portion of the D
region corresponding to the Fresnel refraction zone, or the region of the first ionospheric hop, and observed
ionospheric disturbances in the effective reflection height and reflection loss. Combining the experimental
observations with the modeling technique developed by Shao and Jacobson (2009), Shao et al. (2013), and
Lay et al. (2014) inferred the Volland electron density parameterization (Volland, 1995), and h’, 8, respectively,
in the Fresnel refraction zone allowing for a small spatial measurement. Recently, Carvalho et al. (2017) looked
at change in effective height using a cross-correlation technique for lightning sources characterized at the
International Center for Lightning Research and Testing.

The current literature using sferic-based ionospheric remote sensing techniques all utilizes key features of
sferics implying applicability in specific source-receiver geometries. In contrast, the technique described in
this work relaxes this requirement and therefore will allow for general applicability for sferic-based work.
Furthermore, all prior sferic-based studies use only the azimuthal magnetic field (B¢) or the vertical electric
field (Ez). In this paper we describe a generalized technique to recover stable sferics with both azimuthal and
radial magnetic fields (B¢ and Br) for any source-receiver geometry, including time domain sferics, ampli-
tude, and phase frequency spectra. This technique extends the usable frequency range to higher frequencies
(the examples in this work use up to 50 kHz but even higher frequencies may be useful in general), where
VLF/LF propagation is even more sensitive to ionospheric changes. This allows sensitivity to higher altitudes
since higher frequency waves are able to penetrate further into the D region.
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Figure 1. Map of all lightning regions selected. Very low frequency/low-frequency sferic propagation paths to PARI or
Baxley are shown as lines. The colored dots indicate lightning stroke locations. Further information about lightning is
given in Table 1.

With the more generalized sferic processing technique described here, as long as sferics are significantly
higher than the background noise (signal-to-noise ratio (SNR) of >5 for this work), the full availability of light-
ning data from one or more lightning location networks can be used with an arbitrary receiver network.
Lightning flashes occur about 40-50 times per second throughout the Earth (Christian et al., 2003). An average
of 600-700 lightning storms occur each day with a mean duration of ~15 min (Hutchins et al., 2014) cre-
ating a global time-varying distribution of lightning-generated VLF/LF sources with ~57% of these sferics
being measured at greater than our SNR threshold of 5. There is an opportunity to utilize this large data set of
natural lightning emissions and an arbitrary receiver network for large-scale to global ionospheric D region
characterization. The extent of the ionospheric coverage is proportional to the number of lightning strokes
and their locations as well as the placement of utilized receivers. In this paper, we introduce the analysis tools
needed to eventually expand sferic-based ionospheric remote sensing into a potentially global measurement.
We present a method to simulate the VLF/LF emissions of broadband sferics with LWPC and use a forward
modeling technique to match to the processed results. We discuss potential methods to utilize a large number
of path-averaged D Region ionospheric inferences.

2, Data Description

We utilize VLF/LF (~1-50 kHz) magnetic field data sampled by an instrument similar to the AWESOME receiver
described by Cohen et al. (2010). Two wire loops are mounted in the north/south (N/S) and east/west (E/W)

Table 1

Information on Lightning Regions Used in This Study

Lightning region Date Center time Strokes Size (km) Receiver
Processing examples 21-Aug 2015 19:15:00 UT 214 103 PARI
Near error bars 1-15Sep 2015 19:52:30 UT 14-368 12-187 PARI
Far error bars 1-15Sep 2015 20:52:30 UT 14-1,430 28-418 PARI
lonospheric probe 21-Aug 2015 Figure 12 68-1,193 129-426 PARI
Matching example 7-Aug 2016 15:48:20 UT 31and 34 43 and 149 Baxley
Solar example 7-Aug 2016 Figure 17 34 149 Baxley

Note. Some figures utilize multiple dates and/or bins; for those studies the range information is given.
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directions to capture both horizontal magnetic field components. The raw magnetic field data signal is first
amplified then low-pass filtered with 470 kHz cutoff frequency to prevent aliasing. The signal is then sampled
continuously at 1 MHz with 16-bit resolution and sensitivity of 0.03-0.1 fT/rt-Hz, depending on the size of the
antenna. Next, the collected data are time synchronized to a GPS reference for an absolute time accuracy of
15-20 ns. All of the data used in this work are from receivers at Pisgah Astronomical Research Institute near
Rosman, NC, United States (N35.1996, W82.8718) and Baxley, GA, United States (N31.8767, W82.3620). The
locations of these site are shown in Figure 1 along with the lightning regions utilized in this study and the
path from the regions to the relevant receiver.

We utilize lightning location data from the GLD360 network operated by Vaisala Inc., GLD360, whose basic
operating principles are described in Said et al. (2010, 2013). It utilizes a combination of time of arrival,
sferic shape, and a network of AWESOME VLF receivers (as described by Cohen et al., 2010) to geolocate
lightning. GLD360 detects lightning with a global cloud-to-ground flash detection efficiency greater than
70% and reports peak current estimates, polarity, location, and time of occurrence for each lightning event.
The location accuracy is estimated to be 1-4 km.

GLD360 does not distinguish between intracloud (IC) and cloud-to-ground (CG) strokes whose current sources
differ significantly. Therefore, to further increase the integrity of processed sferics, we only use sferics greater
than 10 kA in magnitude. This cutoff works to deselect IC strokes since they tend to be reported as low peak
current events by the network (Cummins & Murphy, 2009).

In addition to CG/IC events lightning detection networks occasionally observe highly energetic and short
pulses known as narrow bipolar events (Le Vine, 1980) or newly discovered energetic in-cloud pulses
(Lyu et al.,, 2015) and label them as very high peak current IC strokes. Utilizing five receivers, Lyu et al. (2015)
found and classified merely 139 narrow bipolar events/energetic in-cloud pulses over a period of 44 days.
Therefore, we do not screen out these events from our data set.

3. Methods

The sferic waveform changes as a function of return stroke current parameters, but more dominantly as a
function of distance and propagation conditions, namely, the ionospheric conditions along the path, as shown
by Said et al. (2010).

In principle, one could do ionospheric remote sensing with an individual sferic, but this has shortcomings.
First, the single sferic must have high SNR, which is often not the case for sferics from distant thunderstorms.
Second, source variability will have a significant impact on the shape of an individual sferic. For these reasons,
it is advantageous to take many sferics with the same propagation path and sum them up, both to increase
the SNR and to mitigate varying source current and geometry.

Unfortunately, the uncertainty of propagation conditions by time and location contribute significantly to
errors in lightning location estimates by networks such as GLD360. In turn, this error makes a straightforward
time alignment of many sferics difficult since error in timing and location translate into timing uncertainty
of the sferic waveforms that we call “jitter,” even when the sferics have nearly the same propagation path.
For example, assuming the speed of light propagation, 1 ps of jitter could be simply 1 ps in timing error,
300 m of location error, or likely an unknown combination of both. We demonstrate the effects of inherent
jitter in Figure 2. We show a superposition of 214 sferics in gray over a period of 15 min, all originating from
the cluster of blue dots in Figure 1 (each dot indicates a lightning stroke). For each stroke, its precise time
and location as estimated by GLD360 is used to infer the arrival time of the sferic, which, assuming speed of
light propagation, corresponds to t = 0. We also refer to this time as d/c, where d is the source-to-receiver
distance. In Figure 2a, it is evident that there is significant jitter and waveform variation. In this example, the
time-alignment standard deviation is 14 ps. The black curve represents the mean of all the sferics, which
does not accurately capture the average shape due to the degraded time alignment and variation in sferic
magnitude. Figures 2b and 2c show the same set of sferics after two critical steps in the sferic processing
and time-alignment technique described in section 3.1.2. Following processing, we observe a significant
improvement in the quality of the averaged sferic. In the remainder of this section, we detail how this
is achieved.
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Figure 2. Example of the timing and location-induced timing jitter and its effect on sferic processing. Two hundred
fourteen sferics from lightning events plotted as blue dots in Figure 1 are plotted as gray curves representing individual
lightning strokes for unprocessed raw sferics (a), normalized sferics (b), and time-aligned sferics (c). The black curves
represent the respective arithmetic mean.

3.1. Time Domain Sferics

Our goal is to time-align sferics in order to mitigate the effects of arrival time jitter as previously discussed,
so we begin with processing in the time domain. Later, we will describe frequency domain techniques.
The block diagram depicting our approach is given in Figure 3.

3.1.1. Narrowband Transmitter Removal

The two dominant sources of energy in the VLF/LF frequency band are lightning-generated sferics and com-
munications transmitters (Chrissan & Fraser-Smith, 1996). These transmitters are used, for instance, by the U.S.
Navy at high power with a very narrow bandwidth for submarine communications. To mitigate this “inter-
ference” source and improve the underlying sferic waveforms, we estimate and subtract the transmitters
recorded by our receivers.

We first demodulate each VLF Minimum Shift Keying (MSK) signal as described in Gross et al. (2018). Next, we
reconstruct each transmitter and subtract from the time series data. We observe a significant improvement in
sferic quality over frequency spectra usually dominated by these transmitters, allowing recovery of underlying
sfericinformation. The transmitters removed from the broadband data are detailed in Table 2. We demonstrate
typical results by showing a sferic and frequency amplitude before and after narrowband removal in Figure 4.

Preprocessing/Binnin Individual Sferic Processing
e Estimate and remove navy VLF MSK e Normalize sferics by sign of peak
transmitters | _> current
e Calculate sferic time locations in data e Rotate sferics by apparent angle
(d/c) e Calculate and sort by sferic SNR
e Sort sferics into bins e Normalize sferics
Time-Domain Sferics Frequency-Domain Sferics
e Produce un-aligned sferic in each bin o Take FFT of each aligned sferic

* e Align each sferic and its negative to _> e Average magnitude and output
allow for polarity correction magnitude spectra

e Repeat with the new time-aligned e Remove phase ramp from each phase
average spectra
e Output individual time-aligned sferics e Output residual phase spectra

Figure 3. Block diagram of broadband sferic processing steps. Boxes group similar operations and each bullet
represents an individual step. VLF=very low frequency; SNR=signal-to-noise ratio; FFT=fast Fourier transform.
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Table 2
Transmitters Subtracted From Broadband Data
Location of transmitter Call sign Frequency (kHz) Removed from
Rosnay, France HWU 18.3 PARI/Baxley
Anthorn, UK GBz 19.6 PARI/Baxley
Exmouth, Australia NWC 19.8 PARI/Baxley
Tavolara, Italy ICV 20.27 PARI/Baxley
Lualuahei, HI NPM 214 PARI/Baxley
Shelton, UK GQD 22.1 PARI/Baxley
Rhauderfehn, Germany DHO 234 PARI/Baxley
Cutler, ME NAA 24.0 PARI/Baxley
Jim Creek, WA NLK 24.8 PARI/Baxley
La Moure, ND NML 25.2 PARI/Baxley
Aguada, Puerto Rico NAU 40.75 PARI/Baxley

The transmitters can be clearly seen in Figure 4d as very strong but narrow frequency band signals.
The results showing the same spectra after notch filtering and subtraction are displayed in Figures 4e and 4f.
After removal of the transmitters, sferic information in the same frequency range as the transmitters can now
be utilized in ionospheric remote sensing studies. This result is in contrast to the notch filtering results which
subtract more than the transmitter energy, removing portions of the spectra from usability. A raw time domain
sferic example is shown in Figure 4a, with the same sferic after notch filtering/MSK subtraction in Figures 4b
and 4c. The example sferic SNR as described in Figure 7 and accompanying text improves from 2.2 to 5.9 with
this technique while also recovering the underlying sferic spectrum.

We now evaluate the general performance of the coherent MSK removal algorithm compared to applying a
simple notch filter. In the following analysis, the interference signal is a 1 s recording of an MSK transmitter
with a high SNR, filtered over a 400 Hz bandwidth. The signal of interest is an impulse with a 2 kHz band-
width centered on the transmitter. The results below indicate an upper bound on the performance difference
between the coherent and notch filtering approaches, since in practice the impulsive signals will have a much
larger bandwidth.

Sferic - Raw Sferic - Notch Filtered Sferic - Removed MSK
o (@) (b) (c)
el
=2
=
(o]
©
=
Ko
kS
n
150 300 450 600 750 150 300 450 600 750 150 300 450 600 750
Time in us from speed of light arrival
— Frequency - Raw Frequency - Notch Filtered Frequency - Removed MSK
m
(d) (e) (U]

Relative Amplitude (d

5 15 25 35 45 5 15 25 35 45 5 15 25 35 45
Frequency in kHz

Figure 4. An example of coherent MSK signal subtraction. A time sferic and broadband spectra are shown for the raw
data (a,d), notch filtered data (b,e), and the MSK subtracted data (c,f).
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Figure 5. Mean-square error (MSE) of the recovered impulse as a function of narrowband amplitude normalized to the
peak amplitude of the original impulse Ag;. The MSE is evaluated for three narrowband removal techniques: no filter
(solid black line), 600 Hz notch filter (gray line), and coherent MSK removal (dashed line).

The performance of the coherent MSK subtraction technique can be quantified by the mean squared error
(MSE) between the recovered impulse X;(t) and the original impulse x,(t). Using a 200 ps integration window
centered on the impulse time t, gives

1 to+100ps ,
MSE = X, (1) = x,(0)] " dt = X, — x; |12 1
T /to_mus .0 = %,0) e =l %, —x, | m
If we write the original narrowband transmitter signal as x,, and the recovered transmitter signal as X,,,,, then
X, = (X, + X,p) — Xop, and so the MSE can also be written as || x,, — X, |I2. That is, the MSE of the signal of
interest is equivalent to the MSE of the reconstructed MSK signal compared to the original MSK signal.

Figure 5 plots the MSE of the recovered impulse using the coherent removal technique. For reference, the
figure also shows the MSE with no filtering, and using a notch filter with 600 Hz bandwidth. The notch fil-
ter effectively removes both the narrowband transmitter and the in-band energy of the impulse. Thus, the
MSE using a notch filter is relatively insensitive to the narrowband amplitude for modest narrowband ampli-
tudes. For large amplitudes, evidently the notch filter attenuation outside the pass band is insufficient and
the performance degrades slightly.

Across all narrowband magnitudes, the coherent removal technique outperforms the notch filtering. For weak
narrowband signals, where A, S A the notch filter performs worse than applying no filter, since it removes
both the (weak) narrowband signal and the energy of the impulse in that band. In contrast, for weak narrow-
band amplitudes the coherent removal approach reduces the MSE over the unfiltered case by nearly a factor
of 10. For larger narrowband amplitudes, using a notch filter improves the MSE compared to the unfiltered
case. Coherently demodulating and removing the narrowband signal, however, still outperforms notch filter-
ing in this regime, since less energy in the impulse is removed. As the narrowband signal strength increases,
the relative improvement of the coherent subtraction technique compared to notch filtering decreases, due
to limits from the various filtering operations involved in the coherent subtraction technique.

3.1.2. Binning and Individual Sferic Processing

We begin sferic processing by taking the GLD360 location and timing estimate. Assuming the speed of light
propagation delay, the propagation time from source to receiver is calculated and added to the reported time
of the lightning stroke. We have empirically determined that the bulk of the sferic energy is captured in the
first 700 ps after the speed of light arrival time (d/c).

As an example, we will utilize a set of lightning strokes depicted with blue dots in Figure 1. This thunderstorm
consists of 358 reported strokes occurring between 19:07.5 and 19:22.5 UT on 21 August 2015, all within 90 km
of each other. The utilized GLD360-inferred peak currents were as high as 295 kA. We have excluded 106
strokes that were below 10 kA, as these are more likely to have been IC strokes.

The receiver has two orthogonally oriented antennas that measure the N/S and E/W components of the inci-
dent sferic’s magnetic field. We next rotate the two-channel data to maximize the total energy on one channel
while minimizing it on the other. The N/S and E/W components are shown in Figures 6a and 6c. We digitally
rotate the two channels to maximize the total energy on one channel over the period of 100 pus before d/c and
1,100 ps after d/c producing a high-SNR and a low-SNR channel plotted in Figures 6b and 6d. With no induced
scattering along the source-receiver path, this is the same as rotating so that the high-SNR channel measured
the perpendicular magnetic field or B¢, while the low-SNR channel measures the radial magnetic field or Br.
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Figure 6. An example of digital rotation of a sferic. (a,c) Channels 1 and 2 before rotation. (b,d) Channels 1 and 2 after
rotation known as “High-SNR” and “Low-SNR” or B¢ and Br, respectively. SNR=signal-to-noise ratio.

This is because the attenuation of Br is significantly higher than Bg. It is worth noting that the direction of
rotation is not necessarily the same direction as the source from the antenna. The discrepancy is likely due
to site-dependent scattering and induction that modifies the apparent angle-of-arrival due to buried power
lines or mountains (see Said, 2009, p. 93; Zoghzoghy, 2015, p. 45). It is also significant that because VLF sfer-
ics are not perfectly linearly polarized, the low-SNR channel still has a detectable magnetic field which can be
recovered with this technique, not yet utilized in former sferic studies. Recent results from Gross et al. (2018)
utilize phase and amplitude of both B¢ and Br of narrowband VLF signals to develop a polarization ellipse
method to monitor the D Region and diagnose ionospheric perturbations, with advantages over previous
narrowband studies. Similarly, amplitude and phase of both B¢ and Br of broadband sferics recovered in this
study may reveal or clarify information on the D Region and related phenomena.

For lightning strokes occurring in a small time and location range, propagation conditions are very similar. We
therefore bin the strokes in space and time so that we can apply a superposed epoch analysis to arrive at an
average or “representative” sferic for each path at each time. We ignore bins that have a count of less than 10
strokes. By averaging, we are mitigating the effect of lightning source parameter variability, since these would
otherwise make successive strokes from the same storm look very different (see, e.g., Figure 11). After the
sferics are binned together they are multiplied by their polarity (as detected by GLD360) so that all positive
and negative strokes do not destructively cancel.

SNR Measurement Markup
B /\ —MSK Removed Sferic )

/S|gnal Value Magnitude Moving Average | |

—RMS Noise Level

o

w/‘ \/\\/

-

1 V | | 1 1
0 200 400 600 800

Time in us from speed of light arrival

Signal Amplitude

Figure 7. An illustration of signal-to-noise ratio (SNR) calculation. The sferic appears in blue in the “Signal Portion.”
The red line represents the root-mean-square (RMS) of ambient noise on the channel. The yellow line is the moving
average filtered portion of the signal.
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Figure 8. Removal of phase ramping. (a) The blue signal is a single sferic unwrapped phase with a 180° reference and
the red line is the linear fit between 9 and 30 kHz interpolated for the rest of the signal. (b) The residual phase or the
measured phase subtracted by the linear fit. This linear phase adjustment is similar to the technique used by Dowden
et al. (2002) to estimate time of arrival in a lightning geolocation application, differing from the purpose here to
calculate the B¢ residual phase.

We thus arrive at a representative sferic which is made up of all the sferics within that bin. Unfortunately, this
result may be distorted by low-SNR sferics and by the timing jitter of received sferics as previously discussed.
Therefore, we automatically deselect these low-SNR outliers. The SNR is calculated as follows and demon-
strated in Figure 7. We first smooth the sferic, shown in blue, by applying a moving average with a window
size of 40 ps, the result of which is shown in orange. The peak value of this moving average is taken to be the
signal value, as indicated by the arrow. To calculate the noise level, we find the root-mean-square value of two
concatenated signal portions, the first starting 200 ps before d/c until d/c and the second starting 700 ps after
d/c until 1,000 ps after d/c, shown by the red trace. Sferics with an SNR of less than 5 (or 7 dB) are removed
for all of the examples in this paper.

Having now removed the low-SNR sferics, we now equally weight the remaining sferics. We normalize all
sferics by the maximum of their absolute value. This ensures that the averaging technique is not dominated by
a small number of particularly intense sferics and effectively normalizes all sferics to have the same intensity.
We are now ready to take a straight arithmetic average of the remaining normalized sferics, the result of which
is the sferic shown Figure 2b. This representative sferic is improved from the initial sferic, but the subsequent
processing steps will improve the SNR even further.

We now consider removal of the timing jitter, in order to align all the sferics in each bin. We do this recursively.
First, a raw average is taken of all of the sferics within a bin with no adjustment to the sferic jitter. Then, each
sferic within that bin is aligned to the raw average by finding the maximum cross correlation between the two.
This cross correlation is performed for both the raw sfericand a flipped (i.e., multiplied by —1) version of the raw
sferic, accounting for the possibility of a polarity error in the GLD360 estimate. The highest cross-correlation
location is calculated using the upsampled sferic so that the smallest adjustment possible is 1 ps, and the sferic
is delayed or advanced by the amount required to move this delay to 0. A new arithmetic average is taken
with the aligned (and possibly flipped) sferics. We continue this process iteratively until convergence occurs
(typically approximately 3 to 5 steps). After convergence, the final time domain output is the average of the
aligned sferics. The final time-aligned sferics and time domain output are shown in Figure 2c.

3.2. Frequency Domain Sferics

Past studies have utilized the spectral interference pattern for ionospheric sensing (Cheng et al., 2006;
Cummer et al., 1998; Han & Cummer, 2010a, 2010b). These studies used modal interference patterns observed
in sferic spectra, which is primarily a propagation effect, making their techniques independent of light-
ning source parameters. Another advantage of frequency domain analysis is that the amplitude spectra is
insensitive to timing jitter.

Having finished normalizing and time-aligning sferics in the time domain, we now consider how to extract a
reliable amplitude and phase spectra for the average sferic. Deriving the amplitude spectra of the representa-
tive waveform is straightforward, we take the fast Fourier transform (FFT) of each sferic within a bin, and then
take the mean of magnitude of the FFT coefficients of each sferic.
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However, in order to recover stable phase spectra an additional step is necessary. The FFT's t = 0 reference
is the beginning of the input signal, or d/c. Since the VLF/LF group velocity is slower than the speed of light
reference chosen in this work, the sferic arrives after the d/c, so there is a time delay built into the signal. In
the frequency domain, this is equivalent to multiplying the Fourier transform by a complex exponential lin-
early proportional to the time delay &2% ey The complex exponential adds a “ramp” to the phase frequency
curve, with the slope proportional to the time delay. We refer to this feature as phase ramping, equivalent to
a small residual delay. Any small timing jitter still present in the time domain sferics will manifest itself as an
additional phase ramping. Because of the sensitivity of phase spectra to very small timing errors, we calculate
and output a residual phase by removing all phase ramping. The phase ramp removed by this technique cor-
responds to a removal of the linear group delay that depends on distance and an additional time adjustment
of at 10s of ps.

Since phase wraps around and repeats every 360°, each signal is then unwrapped with a 180° reference result-
ing in the raw phase. This results in a waveform similar blue B¢ phase sferic in Figure 8a. A best fit linear trend
is calculated between 9 and 30 kHz of the B¢) component, the portion of the signal we empirically determined
to be the highest-SNR portion of the signal. This linear fit is removed from the unwrapped phase of the B¢
and Br signals, and what remains are the residual phases, as shown for the B¢ signal in of Figure 8b. The final
residual phase spectrum is the average of the residual phase of each sferic within a bin. Importantly, this result
is now insensitive to even small timing jitter. One can view this as fine-scale timing adjustment, with course
adjustments having been done in the time domain stage of the analysis.

4. Results

4.1. Processing Outputs

In order to quantify the effectiveness of this technique, we measure sferic variability for two examples in order
to arrive at measurement error bars. We focus on daytime cases, where the D region ionosphere is known to be
steady and fairly predictable in the absence of a solar flare event (Thomson, 1993). We select a 15 day period
from 1 to 15 September 2015, of which 9 days had a significant amount of lightning in the same location near
the Bahamas, as shown/detailed in Figure 1/Table 1. We then calculate the average sferic for the same 15 min
period of time, from 18:45 to 19:00 UT, in each day. For the 9 lightning days, their binned/processed time
domain and amplitude/phase spectra of both magnetic field components are plotted in gray in Figure 9. The
mean of the waveforms is plotted in black with some sample error bars around the mean in red, reflecting the
variability of the result.

The described processing technique is generally applicable to sferics arriving from an arbitrary location and
is only limited by the detectability of arriving sferics. To demonstrate this, we provide another example of
error bar calculations from sferics from source lightning at region further from Pisgah Astronomical Research
Institute, located near the northern border of Colombia/Venezuela (Figure 10) for the same date region and
20:45:00-21:00:00 UT of which all 15 were lightning days. The time domain, amplitude, and phase spectrum
for both magnetic field components are shown again.

The recovered sferic waveforms for both magnetic field components follow the same temporal and spectral
trends indicating the stability of the technique. In contrast, we plot 7 random sferics from one of the bins
making up single representative sferic in Figure 9 (1 September 2015) that contains 547 sferics in Figure 11.
The results for time domain and amplitude/phase spectral domain demonstrate the highly varied nature of
individual sferics for both magnetic field components, in contrast to the results of Figures 9 and 10.

Examination of Geostationary Operational Environmental Satellite (GOES) X-ray data shows no solar flare on
these 15 days, so the sferics should in principle be very repeatable over this period, due to the relative steadi-
ness of the daytime D region ionosphere. The error bar calculation demonstrates the residual variation for
the example geometry after our processing technique. The averaged time domain sferics still seem to “jitter”
compared to each other since they will all be time shifted according to the built-in timing bias of the lightning
location network. Therefore, for visual clarity the output time domain binned results are time aligned to each
other before producing the error bars in both examples. These time domain results are very similar in both
cases, with error bars increasing with relative sferic magnetic field strength for both components.

For both examples, the amplitude B¢ error bars are smaller than Br, which is a reflection of the relatively
low SNR of the Br channel; however, the Br sferics still follow a clear trend. For the shorter path, the error
bars remain relatively steady across the sferic spectra. The B¢ error bars from 5 to 48 kHz are between ~0.5
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Figure 9. lllustration of calculated error bars for B¢ and Br from 1 to 15 September 2015 and 18:45-19:00 UT.

The source center to receiver distance is 1,150 km with further information for this example is given in Table 1 with the
“Near Error Bars” label. Each available representative waveform is plotted in gray, the mean is plotted in black, and the
linear standard deviation is represented each direction from the mean in red plotted at 2.5 kHz intervals. The strokes
used in these examples are plotted in green in Figure 1.

and 1 dB, whereas the Br error bars are ~2-4 dB. The error bars for B¢) phase are relatively uniform until nearly
30-35 kHz when the results begin to diverge slightly. The B¢ spectral error bars are most stable from 5 to
30 kHz at ~5°. The error bars are very large in the Br phase component compared to B¢, this is because the
phase offset adjustment is taken from the B¢ component, so the offset and linear trend that differs between
each result in Br phase is a physically meaningful result that may be obscured by a simple rendering of the
error bars. Despite the large size of the error bars, the results follow similar trends.

For the longer path, spectral amplitude error bars are smaller for frequencies below 20 kHz in B¢ compared
to Br but converge to very similar values above 25 kHz. The B¢ error bars are ~0.5 dB from 10 to 20 kHz, while
they rise to ~1.5 dB for 30-49 kHz. Br amplitude bars are ~1.5 dB for nearly the entire processed spectrum
(10-49 kHz). The phase spectral magnetic field components have similar trends to the near path results.

For both examples, nearly the entire frequency band is usable, as the error bars even at higher frequencies are
fairly small compared to the general variability of sferics, as we show later in Figures 12 and 13, which may be
caused by unknowable factors such as the varying geometry of individual stroke channels or meteorological
differences of varying thundercloud structures. A small amount of the variability we report may be due to
a gradual seasonal shift in the D region ionospheric conditions, but as we ignore this effect, our variability
measurement represents an upper bound.

The results recently reported in Carvalho et al. (2017) argue the need to have well characterized source param-
eters for each lightning return stroke to be able to perform ionospheric inference. But this conclusion need
only apply for the use of a single or a very small number of sferics. We know nothing precisely about the return
stroke current or geometries of the channels used in this work, but it is clear careful use of many lightning

MCCORMICK ET AL.

3121



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1002/2017JA024291

B¢ Time-Sferic Variation Br Time-Sferic Variation

o ; ; ; ; ;
©
=]
s
£
<
o _’\J\/\}Ww
(0]
N
©
£
o
P
0 100 200 300 400 500 0 100 200 300 400 500
Time from d/c in us
N B¢ Amplitude Variation Br Amplitude Variation
I T T T T T T T T
)
©
£
(0]
ie)
2
S
S
<
(]
=
©
s 100, ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
mn: B¢ Phase Variation Br Phase Variation
$ 1000 : ‘ ; ; 1 ; : ; ; ;
(@]
(0]
a
£ 500
[0]
@
T of ="
:
=}
o
é 500 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
5 15 25 35 45 5 15 25 35 45

Frequency in kHz

Figure 10. lllustration of calculated error bars for B¢ and Br from 1 to 15 September 2015 and 20:45:00-21:00:00 UT.
The source center to receiver distance is 2,900 km with further information for this example is given in Table 1 with the
“Far Error Bars” label. Each available representative waveform is plotted in gray, the mean is plotted in black, and the
linear standard deviation is represented each direction from the mean in red plotted at 2.5 kHz intervals. The strokes
used in these examples are plotted in yellow in Figure 1.

strokes can be used to calculate a repeatable representative sferic waveforms, in spite of the natural variabil-
ity of lightning source current and geometry. Full broadband information is now available with high fidelity,
with widely distributed sources in space and time. This is true for time domain and amplitude/phase spectral
sferics for both magnetic field components.

In principle, error bars like those shown in Figures 9 and 10 can be calculated for any path as long as there is
enough lightning over a period of time to evaluate the measurement variability. Once the error bar is calcu-
lated, a sferic spectral feature that exceeds these bounds is likely due to changes in the ionospheric conditions.
Hence, we now evaluate cases where the D region (and therefore the sferic spectra for a given path) are pre-
sumed to be different. Various ionospheric disturbances may affect sferic spectra differently, so the pattern
of spectra changes may indicate the type of event. Figures 12 and 13 shows several sferic spectra measure-
ments on 21 August 2015 for both B¢ and Br, respectively. The strokes used in these examples are shown in
red in Figure 1. The left-hand panels in Figures 12 and 13 show amplitude and phase for quiet solar conditions
near local noon. Once again, the daytime sfericamplitude and phase spectra are highly repeatable and steady,
reflecting the stability of both the D region and our analysis technique.

In the right-hand panels, sferics are shown for four very different ionospheric conditions: in particular, we
show the sferic spectra during the nighttime (when the D region ionization is much lower), during sunset
(when modal interference at the day/night terminator is important), and during a series of solar flares that
commenced at 19:12 UT. The uniqueness of these waveforms compared to each other, taken with the stability
of processing results for both B¢ and Br, gives us the ability to discern different ionospheric conditions. With
high-quality average sferic estimates in both time and amplitude/phase domains, we are able to develop
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Figure 11. Example of individual sferics inside of a bin.

a generalized approach to ionospheric characterization with comparison to a numerical model described in
section 4.2, not dependent on specific sferic features.

A typical CG lightning flash may include a first stroke and then (particularly for negative flashes) a number of
subsequent strokes. It is known that first and subsequent strokes have different source characteristics (Rakov
& Uman, 2003, Chapter 4.6). We therefore classified GLD360-reported lightning strokes as either a first or a
subsequent stroke. A subsequent stroke was defined as having been geolocated within 100 m and within
100 ps after another stroke. We repeated the aforementioned analysis on only subsequent strokes, or only first
strokes, and we observed no significant difference between their characteristics as observed with our tech-
nique. This underlies the fact that our analysis technique isolates ionospheric variability and minimizes the
effect of lightning source variability (geometry and current waveform) while taking care of lightning location
network-induced jitter.

4.2. Sferic Modeling

The bulk of energy received at VLF/LF frequencies are impulsively radiated during the return stroke of
lightning. The measured return stroke current waveforms are typically unipolar with a faster rise than fall
time. We utilize the traditional Bruce and Golde model of the channel base current (Bruce & Golde, 1941;
Dennis & Pierce, 1964; Jones, 1970), which is a sum of two exponentials: I(z = 0,t) = lo[e"/ff — e t/%],
The return stroke travels up the channel from ground to the cloud base with propagation velocities of
about 0.1 to 0.9c. The examples shown here use a return stroke velocity of v, = 0.75 - ¢ and a channel
height of H = 3 km. As the pulse travels, the magnitude is attenuated due to various loss mechanisms
such as light (lightning) or heat/sound (thunder). This attenuation has well-matched propagation observa-
tions when the return stroke is modeled as a modified transmission line linear (MTLL) (see Rakov & Uman,
2003, for a broader discussion of return stroke modeling and lightning parameters). MTLL describes the
channel current at height z and time t with respect to the channel base current by the following equation:
Iz,t) = u(t —z/ve) - (1 —z/H) - 1(0,t — z/v¢), where u(...) is the unit step function. For this work 7, = 0.3 ps
and 7; = 5ps which correspond to 10% to 90% rise and fall times of 0.45 ps and 10.7 ps, respectively.
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Figure 12. Example of processing stability for B¢) and demonstration of detectability of variations in ionospheric
structure on the test day of 21 August 2015. The center times of daytime sferics are given in the left legend. The center
times of the nighttime, sunset, high solar zenith, and solar flare sferic are 06:15:00, 00:22:30, 16:45:00, and 22:15:00 UT,
respectively.

The lightning channel is divided into six equal segments. The frequency components of the input current
segments are calculated with the FFT.

LWPC takes the real EIWG parameters from a built-in lookup table, along with an assumed ionosphere, and
simulates the amplitude and phase of a single frequency versus distance of the magnetic fields. If the sources
are simulated to match the appropriate lightning channel segment, it can be seen as an input to the EIWG
system. LWPC can be seen as the transfer function of the EIWG. Therefore the entire sferic can be simulated
by taking the Fourier products of the LWPC results and the current frequency weights and summing up the
contribution from each segment. This process is depicted in a cartoon in Figure 14.

We follow the Wait and Spies idea of electron density parametrization (Wait & Spies, 1964) with h’ and g

being interpreted as the effective D region height and sharpness, respectively. This parameterization can be
expressed as

N,(h) = 1.43x 107 exp(—0.15h") - exp[(f — 0.15)(h — )] cm™3 ()]

where ', is in km and g is in km~". By simulating h’ and f§ over a wide parameter space, the simulation
results can be compared directly to the measured sferic. The best match is interpreted as the real average
electron density profile over the path, to the extent of the accuracy of LWPC and the parameterized assump-
tion. As an example, a processed sferic during the daytime at Baxley is compared to the simulation results
in Figures 15 and 16. The lightning strokes used in the following matching example occurred on 7 August
2016 from 15:43:20 to 15:53:20 UT and are shown in Figure 1 as light blue dots and described in Table 1
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Figure 13. Example of processing stability for Br and demonstration of detectability of variations in ionospheric
structure on the test day of 21 August 2015. The center times of daytime sferics are given in the left legend. The center
times of the nighttime, sunset, high solar zenith, and solar flare sferic are 06:15:00, 00:22:30, 16:45:00, and 22:15:00 UT,
respectively.

as “Matching Example.” The processed sferic for this example is also utilized as the ambient “Ambient
Measured Sferic” in Figure 17.

We determine the best fit by taking a #2 norm of the difference of each simulated B¢ sferic to a given pro-
cessed sferic from 5 to 30 kHz for both log amplitude and phase over the entire simulated h’ and g space.
Next, we shift and normalize both log amplitude and phase so they vary between 0 and 1 weighting them the
same in model matching. Lastly, we sum the min space from log amplitude and phase together and then nor-
malize and shift, taking the smallest value to be the best fit. The contributing and summed spaces are plotted
in Figure 15. In this example the best fit was determined to be h’ = 70 km, and § = 0.4 km~" which is plotted
as a red dashed curve in Figure 16.

Due to runtime errors, the simulated spectrum below 5 kHz is excluded. Other examples marked as col-
ored dots in Figure 15 varying h’ and g, respectively, are included. The entire spectrum for both phase and
amplitude change significantly when varying h’ and 8 corresponding to increased £2 norm values. For the
given example the combined min space has a clear minimum with increasingly worse results as you move
from the best fit. The normalized and raw #2 norm values for the example simulation-measured sferic
differences are given in Table 3.

For a 3 km change in b’ or a 0.06 km~" change in f the amplitude and phase scaled #2 norm changes by a
minimum of 100%. Consideration of frequencies above 30 kHz provides a significantly different answer and
poorer broadband agreement which may indicate that the Wait and Spies h’, g parametrization is not suf-
ficient when considering higher frequencies which are sensitive to different electron densities, and in turn
higher altitudes of the D region.
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Figure 14. An illustration of described process to model a sferic. The colors indicate the height of certain segments and
are labeled according to their altitude. The currents /,(jw) are defined according to the given parameters and equations,
represented in the frequency domain. The transfer functions H,(jw) are calculated by long wavelength propagation
capability (LWPC).

On 7 August 2016 two X-ray solar flares commenced: a M2 (2 x 10 W m™2) at 14:30 UT and a C9
(9% 107 W m~2) at 15:04 UT . We consider the change in propagation conditions during the C9 flare and after
it subsided. The lightning strokes used in the solar flare matching example occurred from 15:10:00-15:20:00
and 15:43:20-15:53:20 UT for the solar flare sferic and the ambient sferic, respectively. They are shown on
Figure 1 as light blue dots and described in Table 1 as “Solar Example.”

Figures 17a and 17c show the amplitude and phase for the B¢ solar flare sferic. Figures 17b and 17d the B¢
ambient sferic after the solar flares have dissipated. For visual comparison the best fit simulations for both
sferics are shown in both cases with the #2 norm matching values listed in Table 3. The sferic waveform has
significantly changed as a result of the solar flare affecting the D region ionosphere. Similar to past work
(e.g., Han & Cummer, 2010a), this solar flare caused a decrease in h’, from 70 to 67 km, and an increase of f
from 0.4 to 0.44 km~'. The daytime h’ and g inferences made in these examples agree with the inferences
from Han and Cummer (2010a), Han et al. (2011), and related studies moreso than the results from Lay et al.
(2014) and related studies.

The amplitude and phase for the ambient case and amplitude for the solar flare case are in good agree-
ment with the best fit simulation as seen in Figures 17a, 17b, and 17d. However, the phase measurement
differs significantly with the model during a solar flare (Figure 17c). This result differs from narrowband studies
(e.g., McRae & Thomson, 2004) that consider phase with LWPC during a solar flare and find a good agreement.
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Figure 15. Normalized #2 norm difference between simulations over h’ versus § space and a processed sferic from

Baxley for B¢ amplitude (a), B¢ phase (b), and B¢ combined amplitude and phase (c). The colored circle markers
correspond to the example simulations shown in Figure 16.
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Figure 16. Comparison of a measured and processed B¢ amplitude (a) and phase (b) sferic versus some simulations
with assumed h’ and g.

This could be explained by the fact that spectral residual phase values do have similar values at specific fre-
quencies. However, the trend is not in common across the spectrum, a difference that cannot be resolved
from a single narrowband transmitter-receiver path. It is possible the disagreement may be explained by the
insufficiency of the Wait and Spies parametrization during a solar flare. In any case, it is clear that utilizing
broadband amplitude and phase together may allow for greater understanding of solar flares and their effect
on the D region ionosphere.

Morfitt (1977) and Ferguson and Snyder (1980) show that h’ and # may have a frequency dependence that is
more noticeable at nighttime. This may explain why a single A’ and g estimate matches the measured spectra
from ~5 to 30 kHz but divert at higher frequencies. The frequency dependence stems from the fact that the
effective wave reflection height increases with frequency since the electron density increases with altitude,
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Figure 17. Comparison of processed sferics during (a,c) and after a solar flare (b,d). Best fit simulations of both cases are
shown for amplitude and phase.
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Table 3
¢2 Norm Values for Matching Examples
Figure h’ (km) A (km)~! Amplitude scaled Phase scaled Amplitude raw Phase raw
16 70 0.40 0.03 0.06 7.5 36.9
16 70 0.34 0.06 0.16 8.2 62.3
16 73 0.40 0.39 0.19 17.3 70.1
17 70 0.40 0.04 0.17 9.1 135.6
17 67 0.44 0.03 0.06 7.5 36.9

which may not increase in an exponential-linear manner. This implies that a different A’ and # may be needed
at different frequencies to match propagation results to a model. If we desire to obtain an accurate electron
density at all altitudes D region altitudes, future work will need to expand beyond the traditional Wait and
Spies 2 parameter assumption.

The unique agreement with the model from 5 to 30 kHz, combined with the stability of the processed results
and well-validated simulations of LWPC allows us to generally infer ionospheric information sensitive to
those frequencies. Importantly, this example utilizes the general waveform shape and does not rely on fea-
ture searching, a cornerstone, and limitation, in all current D region sferic-based work. For example, early
studies from Cummer et al. (1998) and Cheng et al. (2006) utilize a modal amplitude structure for a specific
source-receiver geometry. Furthermore, these studies use only amplitude information, without considering
phase. The phase minimization space has different shaped contours than amplitude and may be importantin
observing ionospheric changes more sensitive to phase. In addition, broadband amplitude and phase taken
together may be needed to understand the discrepancy between measured and simulated sferic broad-
band phase during a solar flare. Furthermore, the additional information can reduce error in model-based
ionospheric inferences since both measurements are well validated by LWPC results.

The results from Han and Cummer (2010a, 2010b) and Han et al. (2011) are dependent on specific sferic ampli-
tude spectral features and subsequently specific source-receiver geometry which are not generally available
for modeling. Lay and Shao (2011b) and later studies (Lay & Shao, 2011a; Lay et al., 2014; Shao et al., 2013)
utilize features of the time domain waveform that is applicable to specific distances of source-receiver path,
namely, the source occurring far enough away to receive a coherent ionospheric hop, but not too far so
that the ionospheric hop arrives at a similar time as the ground wave. By considering general spectral shape
including any modal interference in the waveforms we can extend the ionospheric inference to be generally
applicable. This ability combined with the full range of time domain and amplitude/phase information for
both sferic magnetic field components and the wide space and time distribution of these sources will allow
for greater spatial studies and information about the D region of the ionosphere compared previous studies.

Although these path-averaged inferences contain coded information over their entire respective source-
receiver path, individual results may generally average out local ionospheric changes such as an early/fast,
lightning-induced electron precipitation, or solar eclipse. However, with many path-averaged measurements
much of the underlying information can be recovered (e.g., Clilverd et al., 2001). In addition, although LWPC
utilizes averaged conditions this is only necessary over discrete segments of a path, and therefore local pertur-
bations can in general be accounted for. Furthermore, measurements could be combined with tomographic
techniques which are concerned with transforming 1-D path-averaged scans into 2-D images allowing for
greater spatial studies of local and large-scale disturbances derived from path-averaged results. This is similar
to the central ideas utilized in computed tomography scans, as previously discussed concerning sferic-based
remote sensing (Cummer et al., 1998) and already performed for 3-D studies in the E and F regions of the
ionosphere (Yao et al,, 2014).

5. Summary

Lightning is a powerful impulsive and broadband source of VLF/LF radiation which is sensitive to the current
state of the D region ionosphere due to its reflection from this region. These lightning-generated signals or
sferics are spread broadly in space and time across the globe, allowing for greater spatial monitoring of the
ionosphere when compared to VLF single-frequency transmitters.
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Even the best lightning locating networks have small errors in location and time (e.g., 1-4 km for GLD360)
of occurrence which create difficulties in recovering an accurate estimate of the time and spectral character-
istics of a sferic. The techniques we described recover high-quality sferic information even though nothing is
precisely known about the nature of the individual lightning strokes or the error statistics of lightning loca-
tion networks. We demonstrate the utility of this technique by comparing measured data to cases of known
ionospheric stability and variability.

Sferics have been utilized to remotely sense the D region by using both amplitude spectra and time-based
techniques for a small number of geometries. But the current techniques are dependent on specific geome-
tries and have not utilized the full lightning data set. Future work will focus on producing ionospheric
inferences, such as the Wait and Spies parameters (h’, #) by comparing to a model such as LWPC as described,
and applying the full range of data for spatial studies that have not been possible before. This future work will
utilize the full breadth of information recovered by the processing technique outlined in this study, including
B¢ and Br information for time domain sferics and amplitude/phase spectra.
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