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Abstract Due to the relatively low ionization levels present in the D-region of the ionosphere (60—

90 km), few reliable methods exist for estimating electron densities at this altitude. Very Low Frequency
(VLF, 3-30 kHz) radio waves, unlike higher frequency waves used for similar remote sensing applications,
are sensitive to these low ionization levels. Much past work has addressed the estimation of D-region
electron densities using ground-based measurements of signals originating from VLF transmitters or
atmospheric lightning. We introduce a new technique for the estimation of ionospheric D-region electron
densities using satellite observations of trans-ionospheric VLF signals originating from high-powered VLF
transmitters. Although most of the energy radiated from these transmitters is confined to sub-ionospheric
propagation modes, a small fraction penetrates the ionosphere in a right-hand circularly polarized
“whistler mode” which has been observed by many satellites. We show that the modal interference pattern
previously observed enables the estimation of the electron density profile in the D-region from a single
satellite pass. Using data from the DEMETER experiment, each collection is compared with results from

a validated theoretical model to select a best-fit D-region electron density profile. Results show expected
seasonal variations and are consistent with rocket observations. Although the D-region electron density
estimates derived with this technique are shown to exhibit long-term seasonal variations consistent with
rocket and ground-based observations, it is important to note that validation of these results remains
difficult due to the lack of other techniques for continuously sensing the D-region.

1. Introduction

At Very Low Frequency (VLF, 3-30 kHz), electromagnetic waves can propagate very efficiently over long
distances inside of what is often referred to as the Earth-ionosphere waveguide. This region exists between
the Earth's surface and the base of the ionosphere. Inside of this region, VLF radio waves are trapped be-
tween these two boundaries and form a guided propagation channel that has proven useful for several appli-
cations. One prominent example is the US Navy's Fleet Submarine Broadcast System (FSBS) which has been
used for decades to provide a near-global communication link to submerged and surface naval vessels. FSBS
is composed of several high-power (up to 1 MW) ground-based transmitters distributed around the globe.
Another application of terrestrial VLF communication was the passive global positioning system Omega
which was ultimately decommissioned in 1997 (Swanson & Tibbals, 1965). A third is in the study of lighting
and its associated radio atmospherics (also referred to as sferics) (Cummer et al., 1998). Sferics are the short
pulses of VLF energy that are launched by individual strokes of lightning and, like VLF communication
links, can propagate long distances and be recorded by VLF receivers. Information from received lightning
sferics can be used to determine when and where individual strokes of lightning occur (Said et al., 2010) as
well as estimate the state of the lower ionosphere which forms the upper boundary of the Earth-ionosphere
waveguide. This region, which is known as the D-region, exists between roughly 60-90 km in altitude. In
the daytime, the D-region is primarily the result of ionizing Lyman o« and X-ray radiation from the sun. At
night, a weaker D-region is sustained by ionization from cosmic rays (Ganguly, 1970; Kockarts, 2002). In
addition to the large role it plays in terrestrial VLF communications and in the study of lightning sferics,
the ionosphere D-region also plays a large role in the area of trans-ionospheric VLF injection into the mag-
netosphere (Cohen & Inan, 2012), long-range High Frequency communications (Siskind et al., 2017), and
Over-the-Horizon Radar applications (Pederick & Cervera, 2014).

The structure of the D-region plays a crucial role in all the above-mentioned applications. At frequen-
cies below roughly 300 kHz, the D-region essentially forms a reflective layer that represents the upper
boundary of the Earth-ionosphere waveguide. At higher frequencies, the D-region primarily acts to absorb

WORTHINGTON AND COHEN

1 of 14


https://orcid.org/0000-0001-8877-098X
https://orcid.org/0000-0002-7920-5759
https://doi.org/10.1029/2021JA029256
https://doi.org/10.1029/2021JA029256
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JA029256&domain=pdf&date_stamp=2021-06-24

At . .
NI Journal of Geophysical Research: Space Physics 10.1029/2021JA029256

ADVANCING EARTH
AND SPACE SCIENCE

(a) NWC Daytime E-Field

(b) NWC Nighttime E-Field
aaadt ; =hle G

3000 TS A O ERY Sy 65
Satellite Trajectory i e\ \ ) Satellite Trajectory
UERIN <Lt e =57 60
2000 I B oy : ™
,é\ . i 55
=3
50
§ 1000
© 45
a 0 40 %
= m
=1 ©
é 35
~ -1000 30
=
<]
z 25
2000
20
IR ¢ X
IEEHRRE! 15
-30

00 ® : . - . .
-3000 -2000 -1000 0 1000 2000 3000 -3000 -2000 -1000 0 1000 2000 3000
East-West Distance (km) East-West Distance (km)

Figure 1. (a) Long-term average daytime electric field as recorded by DEMETER over NWC transmitter. (b) Long-term
average nighttime electric field as recorded by DEMETER over NWC transmitter. The white dots in each plot represents
the position of the NWC transmitter and the black dots represents the intersection of the magnetic field line that
begins at the base of the ionosphere above the NWC transmitter. The magenta lines represent typical trajectories of the
DEMETER satellite as it passed overhead of NWC at day and night.

electromagnetic energy through electron collisions with neutral particles (Davies, 1990). Because of its
prominent role in so many areas of research, the measurement or estimation of the D-region has been dis-
cussed by several researchers (Friedrich & Torkar, 2001; Gupta, 1998; Sechrist Jr., 1975). Unfortunately, for
several reasons discussed by Cummer et al. (1998), direct measurements of the D-region electron densities
are difficult to obtain and only a small number ( ~300) of rocket-based measurements have been recorded
(Friedrich & Torkar, 2001). For this reason, several techniques have been proposed to indirectly estimate
D-region electron densities using ground-based measurements of lightning sferics (Cummer et al., 1998),
FSBS broadcast signals (Gross et al., 2018), or by other means (Higginson-Rollins & Cohen, 2017).

As discussed by Cohen and Inan (2012), a large collection of VLF observations was made by the DEMETER
satellite (Parrot, 2002) over a six-year period starting in 2004. Collecting those DEMETER measurements
made above each of the FSBS transmitters, an average radiation pattern can be formed under both day-
time and nighttime conditions. Furthermore, Cohen et al. (2012) compared the DEMETER measurements
with the results from a full-wave method numerical modeling tool (referred to here as FWM) of the type
described by Lehtinen and Inan (2008) and found them to be consistent to within a few decibels. Figure 1
shows long-term average electric field measurements as collected by the DEMETER satellite above the
NWC transmitter which is located on the western coast of Australia. NWC, like many FSBS transmitters,
broadcasts a minimum shift keying (MSK) binary message (Gross & Cohen, 2020), which spreads the spec-
trum. In the case of NWC, the baud rate is 200 baud (a bit period of 5 ms), which corresponds to a ~+200 Hz
spread spectrum. The NWC signal strength measurements were made by integrating the DEMETER spec-
tral measurements over the bandwidth of the signal.

The signal collected by DEMETER represents a small fraction of VLF energy that transits the ionosphere
in a right-hand circularly polarized whistler mode. As discussed by Helliwell (1965), whistler mode waves
travel most efficiently along the Earth's magnetic field lines. For this reason, the peak field strength detected
by DEMETER occurs roughly 450 km to the north of the NWC transmitter which is marked with a white
dot in Figure 1. The precise point where the peak field strength is predicted to occur is found by locating the
point in space directly above the transmitter at the base of the ionosphere where the whistler mode wave is
formed (70 km) and following the magnetic field lines up through the ionosphere to the DEMETER altitude
of 660 km. This point, which is marked with a black dot in Figure 1, shows good agreement with the peak
position of the long-term average measurements, although it should be noted that the VLF energy does not
precisely follow the geomagnetic field line (Inan & Bell, 1977).
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In this work, we present a new technique for estimating D-region electron density profiles by use of meas-
ured trans-ionospheric VLF signals originating from FSBS transmitters. First, we discuss several features
that are observed in DEMETER collections that occur above the NWC transmitter in Australia (—21.8160
lat, +114.166 lon, 19.8 kHz). Next, we demonstrate that those features vary seasonally as would be expected
due to seasonal variations in D-region electron densities. Finally, using the rocket measurements compiled
by Friedrich and Torkar (2001), we set bounds on a parametric model for mid-latitude, daytime D-region
electron densities and use a numerical modeling tool to simulate the expected seasonal variability of the
DEMETER collections and show them to be largely consistent with the measured data.

We suggest that it is possible to estimate D-region electron density profiles using trans-ionospheric VLF
signals collected by satellites, even with a single pass. Although we note that the transmitter itself may
modify the local ionosphere as has been discussed by several authors (Bell et al., 2011; Inan, 1990), perhaps
even by as much as 26% (Rodriguez & Inan, 1994), this effect appears to be small compared to the seasonal
and diurnal variations in the D-region or those due to short-term fluctuations in solar activity. We propose
how these estimates can be achieved in practice and discuss the viability of this technique in supporting
D-region models of varying complexity. The full validation of this estimation technique will require addi-
tional satellite measurements that coincide with independent observations of D-region electron densities
and could be the subject of further work.

2. Observations
2.1. DEMETER Data

The DEMETER satellite was launched in 2004 to study disturbances in the ionosphere due to seismic activ-
ity and anthropogenic sources (Parrot, 2002). It was in almost continuous operation for more than 6 years
and followed a quasi sun-synchronous, circular orbit with a high inclination of 98.23°. In 2005, its altitude
was changed from 710 to 660 km. Due to its sun-synchronous orbit, DEMETER passed over most points
on Earth twice a day, separated by roughly 12 h. At the NWC transmitter, DEMETER would typically make
one (north-to-south) daytime pass around 1000 local time and one (south-to-north) nighttime pass around
2200 local time. Because DEMETER recordings in the proximity of the NWC transmitter were limited to
one daytime and one nighttime pass each day it was not possible to study the transmitter over a full diurnal
cycle. However, because the passes did occur consistently at roughly the same time every day and night,
emissions from the transmitter could be explored for seasonal variations which will be discussed below.
With the exception of the period between early June 2007 and late January 2008 when the satellite was not
recording data, this work included the full six-year DEMETER data set.

The DEMETER satellite employed electric and magnetic field sensors that operated in both a survey (nor-
mal) mode and a burst mode which was recorded at a higher data rate above seismically active regions. For
this study, survey mode data was exclusively used which provided 20 kHz-wide spectral measurements of
the electric and magnetic fields with a frequency resolution of around 20 Hz and a measurement period of
2 s. Signal strength measurements were derived by integrating DEMETER's spectral measurements over the
bandwidth of the signal of interest. In the case of the NWC transmitter, the signal was a MSK modulation
scheme that occupied a roughly 200 Hz bandwidth centered at 19.8 kHz.

Initially, the full DEMETER data set was down-selected to include only those measurements made within
3,000 km in ground-range of the NWC transmitter. Next, the measurements were organized into individual
satellite passes resulting in roughly one daytime and one nighttime pass per twenty-four hour period. Each
pass contained a different number of samples depending on how long the satellite's trajectory remained in
the 3,000 km window described above. The geographical coordinates (latitude, longitude, and altitude) sup-
plied with each E and H field measurement of the signal were then converted into relative positions along
the satellite’s trajectory referenced to the point in the trajectory that was closest the transmitter. An example
of a satellite pass is shown in red in Figure 2a. After organizing the individual satellite passes, the electric and
magnetic field measurements were filtered using a 30th-order, low-pass, FIR filter (f,,; = 3.3 X 10~°[km™])
to help identify some common features found in most passes. An example of multiple filtered passes are
shown in Figure 2b. Finally, upon inspection, it became apparent that a small number of passes (<5%) were
anomalous in some way and were removed from the data set. For most anomalous passes, it appeared as if
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Figure 2. (a) A representative daytime collection from DEMETER as it passed overhead of the NWC transmitter
alongside of a filtered version of the same data. (b) Five separate daytime collections (filtered) from a narrow
geographical window but recorded at different times of the year. The x-axis is referenced to the point on the satellite’s
trajectory where it is closest to the NWC transmitter. Black circles indicate the position and magnitude of each pass's
peak field strength and the black x's indicate the position of each pass's dominant northern and southern null position.

the transmitter was off and no signal was present. For these cases, simply filtering out any pass that did not
have a peak E-Field value greater than 30 dB — xV/m was sufficient.

2.2. DEMETER Pass Features

Several observable features in the daytime electric field measurements made by DEMETER over the NWC
transmitter were found to vary seasonally and are consistent with predictions made by numerical modeling
tools as D-region electron densities are varied. For most DEMETER collections that passed within 300 km
of the NWC transmitter, a very standard electric field pattern was observed. For daytime passes where DEM-
ETER traveled overhead from north-to-south, the pattern consisted of a dominant peak roughly 450 km to
the north of the transmitter and strong, predictable local minimums or “nulls” to the north and south of the
main peak. Figure 2a shows a typical electric field collection over the NWC transmitter and indicates the
dominant peaks and nulls described above.

These peaks and nulls are the result of the unique modal interference pattern created by the VLF transmit-
ter inside the Earth-ionosphere waveguide. These features were persistent and easily identifiable between
observations. Figure 2b shows five different DEMETER collections that took place at different times of the
year but within a narrow geographical window (represented by the magenta line in Figure 1a). Importantly,
the interference pattern is a function of the D-region ionospheric condition.

2.3. Seasonal Variations in DEMETER Data

For each DEMETER collection over the NWC transmitter the amplitude and position of the dominant peaks
and nulls were recorded. Seasonal variations were then calculated for these features by first selecting only
those DEMETER passes that occurred within a narrow geographical window (specified by a distance to the
transmitter and a window width in kilometers). For example, Figure 3a shows the trajectories for all DEM-
ETER collections in a 150 km window centered on the point 85 km to the west of NWC, as indicated by the
magenta swath. This subset of DEMETER collections captures the main peak of the transmitter's radiation
pattern. Over the lifetime of DEMETER, 71 daytime collections occurred in this window. As can be seen
in Figure 3a, collections that occur outside of this window are expected to have very different electric field
patterns and would therefore not be directly comparable. Figure 3b shows the electric field data for those
71 daytime passes.

After selecting the DEMETER passes that fell within the window shown in Figure 3a, the features described
above were characterized by a seasonal variable. This variable is calculated by Equation 1 and maps the day
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Figure 3. (a) Selection of 71 daytime DEMETER collections that occurred at different times of the year but within a narrow band (magenta lines) of ranges and
in close proximity to the NWC transmitter. (b) The electric field measurements (filtered) for the same 71 passes.

of the year (0, 365) to a value on the interval (—1, 1) where —1 is the winter solstice and +1 is the summer
solstice in the Southern Hemisphere. In the Northern Hemisphere these values would be reversed. The
winter/summer solstice in the Northern/Southern Hemisphere occurs on Dec 21, which is the 355th day of
the year which is the reason 355 appears in the numerator of Equation 1.

sEson - cos 2+ 22222 | W

Figure 4a shows a scatter plot of the peak electric field strength versus season for each of the 71 DEMETER
collections discussed above. A linear relationship between peak field strength and season is clearly visible
with a Pearson correlation coefficient calculated to be R = —0.754 with a p-value of 3.15 x 10~ ", indicating
a statistically significant correlation.

The window width of 150 kilometers was chosen to retain a sufficient number of data points while achiev-
ing a reasonably homogeneous path geometry across satellite passes. The peak field strengths recorded for
this subset of the DEMETER data set vary by roughly 15 dB, (47.6, 62.6 [dB — x«V/m]), which aligns closely
with simulated results (See Table 1). Figure 4a indicates that about 6.5 dB of this variation is the result
of a predictable seasonal change in ionization levels. Figure 4b shows that the peak field strength of the
collections falls off at a rate of 0.04 dB/km as the passes are offset from the center of the transmit radiation
pattern. Considering a sample window width of 150 km would suggest that roughly 3 dB of variation in the
peak field strength may be attributable to the width of the sample window being considered and the fact
that each individual satellite pass followed a slightly different trajectory relative to the transmitter radiation
pattern (See Figure 4b). This would suggest that the remaining 5.5 dB of variation could be the result of
small differences in local solar zenith angle between the measurements and short-term variations in solar
activity.

In addition to variations in peak field strength, the position of the northern null was found to vary season-
ally as well (See Figure 4c). The position of this null is essentially a measure of the radius of the first prom-
inent ring of energy shown in Figure 3a. The fact that these concentric rings in the transmitter radiation
pattern dilate as the height of the ionosphere increases is supported by numerical models and can be seen
clearly in Figure 9c and 9d. As with the peak field strength feature, some of the variability in Figure 4c
can likely be attributed to the width of the window being considered, however, the overall range of values
that this feature takes on is approximately (—1139.6, —985.8 [km]), which is also consistent with simulated
results shown in Figure 9d.
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Figure 4. (a) Seasonal variation in peak field strength for the 71 daytime passes described above. (b) Peak field strength
versus how far to the East of the NWC transmitter the satellite passed at its closest point. The dashed magenta lines are
centered around the 71 collections (heavy-blue dots) that occurred over the peak of the transmit pattern. (c) Seasonal
variation in northern null location for the 71 daytime passes described above. (d) Northern null location versus how

far to the East of the NWC transmitter the satellite passed at its closest point. The dashed magenta lines are centered
around the 71 collections (heavy-blue dots) that occurred over the peak of the transmit pattern.

2.4. Rocket Measurements of D-Region

As discussed by Cummer et al. (1998), there are few reliable methods for measuring the D-region of the
ionosphere due to its high altitude and relatively low levels of ionization as compared with the E- and F-re-
gions. A small number of direct rocket measurements of the lower ionosphere, which were collected over

Table 1
Comparison of Observed Versus Simulated Satellite Pass Features

DEMETER passes Simulated passes
Min/Max P. Amp. (dB — uV/m) 47.6/62.6 45.9/67.7
Median P. Amp. (dB — uV/m) 53.6 57.2
A Peak Amp. (dB) 15.0 21.8
Min/Max Null Position (km) —1139.6/—985.8 —1106.0/—956.4
Median Null Position (km) —1046.1 —1030.2
A Null Position (km) 153.8 149.8

Abbreviations: Amp, amplitude; P, peak.

a 70-year period, have been gathered and reported on by Friedrich and
Torkar (1998) and Friedrich and Torkar (2001).

Considering only those daytime rocket measurements that took place
at mid-latitudes (between + /—50°) and which extended down into the
D-region (below 80 km) we are left with roughly 100 rocket collections
from which we can draw conclusions about the variability that can be
expected in the daytime D-region over extended periods. Figure 5 shows
the locations of these rocket collections relative to the NWC transmitter
as well as the fairly even distribution of these collections over sunspot
number (SSN), month, and local solar zenith angle. Because these distri-
butions imply a full range of solar radiation conditions during the rocket
collections and because daytime ionospheric electron densities are pri-
marily the result of ionizing solar radiation, we assume that the electron
density profiles collected during these rocket experiments approximately
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Figure 5. (a) Locations of mid-latitude rocket experiments as compiled by Friedrich. Blue dots represent rocket
measurements and the red x marks the location of the NWC transmitter. (b) Plot of daily sunspot number (SSN)
overlaid with SSN during rocket experiments (magenta) and SSN during the DEMETER experiment (red). (c)
Histogram of the local solar zenith angles during the rocket experiments. (d) Histogram of the months during which
the rocket measurements took place.

represent the full range of daytime values that will typically occur over the course of an extended period of
time.

Using the rocket experiments described above, Friedrich and Torkar (1998) developed a semi-empirical
model of the D-region known as Faraday-International Reference Ionosphere (FIRI) which incorporates
variability due to factors such as solar zenith angle, latitude, solar activity, and season into more basic ana-
lytical models for D-region electron densities. For this work, the FIRI model was run as an optional setting
in the International Reference Ionosphere (IRI) (Bilitza, 2001) which is a widely used empirical model for
the mid and upper regions of the ionosphere. Examples of daytime electron densities generated by the FIRI
model for mid-latitudes and over a range of solar zenith angles, latitudes, and at different points in the solar
cycle are shown in blue in Figure 7a.

Although electron density profiles in the D-region are highly variable as discussed by Budden (1985) and
shown directly in Figure 7a, various authors (Cummer et al., 1998; Thomson, 1993) have successfully mod-
eled the D-region using a two-parameter model first described by Wait and Spies (1964). This model, which
defines a set of exponential curves, uses two parameters h’ and (3 to set the height and roll-off of the D-re-
gion electron density and is represented by Equation 2 where & is the height in kilometers above the earth.

N, (I, ) = 1.43x 107 *1" . (lB=0150=m0 03 )
As discussed by Gupta (1998), the D-region of the ionosphere often exhibits a so-called ledge which is a sud-

den drop or even reversal in the electron density gradient in the region between around 70 and 90 km. The
D-region ledge roughly represents the boundary between the ionized nitric oxide of the D-region and the
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Figure 6. Curve fitting two-parameter D-region models to Faraday-

International Reference Ionosphere electron density profiles (blue) and Figure 6 shows a few examples of the best fit curves calculated for a hand-

rocket measurements (red).

ful of electron density profiles. As long as the specified electron density,
N,(h), extends through the region of interest (65-80 km) and is reasonably
well-behaved, Equation 3 can be used to determine best fit parameters.

Figure 7a shows the electron density curves (plotted in red) for each of the mid-latitude, daytime rocket
collections compiled by (Friedrich & Torkar, 2001) that extend down into the D-region. For each of these
curves, the parameter estimation algorithm described above was used to calculate the corresponding set of
h' and @ values which are plotted with red X's in Figure 7b. As is shown below, greater than 93% of the rock-
et-based parameter sets fall within the black box plotted in Figure 7b (h’ € [68, 77], 5 € [0.19, 0.42]). Because
of this, we assume that we can reasonably limit 4’ and $ for mid-latitude, daytime D-regions to this domain.

By randomly generating numerous mid-latitude FIRI D-region profiles between 1950 and 2020 and esti-
mating the corresponding h’ and § parameters for each one, a collection of example D-region profiles can
be assembled that covers the search spaced outlined in black in Figure 7b. These example D-region profiles
are plotted (in blue) on top of the rocket collections (red) shown in Figure 7a. The h’ and 8 parameters cor-
responding to each of these profiles are plotted in Figure 7b along with those of the rocket measurements.
Notably, despite thousands of random FIRI electron density profiles being generated, there were significant
regions of the search space that do not appear to be supported by the FIRI model and are only sparsely sup-
ported by small handful of rocket measurements. For this reason, for subsequent calculations we choose
to limit the 4’ and 8 parameters to the search space supported by the FIRI model (plotted with blue dots in
Figure 7b).

2.5. Full-Wave Model Simulations

Having bounded the behavior of daytime, mid-latitude, D-region electron densities using direct rocket meas-
urements and the FIRI model as described above, we proceed to simulate DEMETER collections above the
NWC transmitter over the full range of D-region parameter sets using a full-wave finite element modeling
technique. We do this with the dual purpose of (a) demonstrating that the seasonal variation observed in
DEMETER peak field strength and null position observations (see Figure 4) can be satisfactorily explained
by expected D-region electron density variation, and (b) proposing a forward modeling-based approach for
estimating daytime D-region electron density profiles using a satellite collection above a high-powered VLF
transmitter.

The full-wave finite element modeling tool used for this work (referred to here as FWM) was derived from
code used by Lehtinen and Inan (2008) to model trans-ionospheric VLF electromagnetic radiation from
large ground-based transmitters. The code was originally inspired by the work of Wait (1970). Follow-on
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Figure 7. (a) Rocket experiment electron density profiles (red) overlaid with various Faraday-International Reference
Ionosphere (FIRI)-generated profiles (blue) that represent the full range of two-parameter sets expected in mid-latitude
daytime ionospheres. (b) Estimated values of h’ and 8 parameters for rocket measurements (red) and FIRI-generated
profiles (blue). Parameters estimated using best fit technique described above. Black dotted line represents the extent of
the search space for the two-parameter model.

work by Lehtinen and Inan (2009) using a limited data set found predictions of satellite-based VLF meas-
urements to be larger than those supported by measured data and postulated that linear mode scattering
from irregularities in the ionosphere could explain the discrepancy. Similarly, Starks et al. (2008) examined
a number of modeling techniques and also found them to over-predict signal strength when compared with
in situ satellite data. Subsequent work by Cohen et al. (2012), however, using a more sophisticated iono-
spheric model applied to the FWM, and compared to the full DEMETER data set (Cohen & Inan, 2012),
found predictions and measurements to be largely consistent.

The relevant parameters required for predicting VLF radio-wave propagation in the D-region are the elec-
tron density profile, N,(h), the electron-neutral collision frequency, v(h), and the local geomagnetic field,
B,. Of these, the electron collision frequency and geomagnetic field are largely static and were assumed to
be fixed over time. For this work, the electron-neutral collision frequency was assumed to be that described
by Wait and Spies (1964), and is shown in Equation 4 where A is the height in kilometers above the earth.
The geomagnetic field was calculated using the International Geomagnetic Reference Field (IGRF) (Finlay
et al., 2010) for points above the NWC transmitter during the period of the DEMETER experiment.

V(h) =5x 1011670.15(}1770) [Sfl] (4)

Using the FIRI-generated ionospheres described above, 286 different electron density profiles (represent-
ed by blue dots in Figure 7b) were generated that covered the expected range of h’ and 3 parameters seen
during the collected rocket experiments. One FWM simulation was completed for each of the 286 FIRI
ionospheres. For each simulation, a two-dimensional plot of electric field strength was generated at the
altitude of the DEMETER satellite (660 km). From this two-dimensional plot a simulated satellite path can
be interpolated that mimics the path taken by DEMETER for the handful of occasions that it passed directly
overhead of the NWC transmitter. This simulated satellite collection was then low-pass filtered in the same
way as the DEMETER satellite collections described above.

Figure 8 shows a comparison of measurements recorded by DEMETER and a corresponding simulation
made using the FWM for the ionosphere defined by 1’ = 70.5 km and 8 = 0.23 km™. As you can see, there
is excellent agreement between the measured and simulated results both in terms of the amplitude of the
recorded measurements and the position of the peaks and nulls of the recorded data relative to the NWC
transmitter which is marked by a white dot. As mentioned previously, the peak field strength recorded by
DEMETER occurs ~400 km to the north of the NWC transmitter. This is true because the bulk of the VLF
energy that penetrates the ionosphere does so via a whistler mode which propagates roughly along the
earth's magnetic field lines.
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Figure 8. (a) Long-term average daytime electric field as recorded by DEMETER over NWC transmitter. Red lines mark the paths that the DEMETER satellite
traveled over five separate collections (closely spaced). (b) Full-Wave Model simulation for a D-region with parameters: h’ = 70.5 (km), 8 = 0.23 (km™"). The
blue line represents a simulated satellite pass. (c¢) Comparison of measured and simulated electric field collections (both low-pass filtered) over the NWC

transmitter.

For each of the FWM simulations generated, the peak field strength and the position of the dominant north-
ern null were recorded and are represented in the right-hand panels of Figure 9. As is expected, lower values
of h', which correspond to greater ionization in the D-region and hence more attenuation, are associated
with lower peak signal strengths. The median peak field strength simulated over the range of ionospheres
was 57.2 (dB — uV/m) which is remarkably close to the 53.6 (dB — uV/m) recorded over the DEMETER
passes represented in Figures 3 and 4. The range of values calculated for the peak field strength over all
available D-region ionospheres was 21.8 dB compared to the 15.0 dB variation seen over the DEMETER
collections. The small discrepancy here may have been due to the limited number of DEMETER collections
(71) that occurred in this narrow window close to the NWC transmitter. The DEMETER mission took place
during a low period of the solar cycle and measurements were not made during periods of high solar activ-
ity. Given more satellite collections over a longer period it would not be surprising if that number were to
approach the 21.8 dB seen over the simulations.

Similarly, the median null position simulated with FWM occurred at 1030.2 km to the north of the NWC
transmitter which is in good agreement with the 1046.1 km median null position recorded by DEMETER.
Also very promising is the strong agreement in the total variation of this northern null position. Over the 71
DEMETER collections discussed above, the position of this northern null only varied by 153.8 km which is
very close to the 149.8 km variation simulated with FWM over the 286 FIRI ionospheres.

One important result shown in Figure 9 is that while the peak amplitude feature depends primarily on the
parameter h’ (top-right), the null position feature appears to also have some dependence on the 8 parameter
as well (bottom-right). This should prove valuable if these two features are to be used to infer the D-region
electron density parameters h’ and 8. The positions of other prominent nulls also appear to maintain a sim-
ilar relationship with the parameter S.

2.6. Estimating D-Region Parameters

A full comparison of the pass features for the DEMETER collections and FWM simulations is collected
in Table 1 and offers strong evidence that not only can satellite-based measurements of VLF signals from
ground-based transmitters be accurately estimated with numerical modeling techniques but that the ampli-
tude and distribution (relative to the transmitter) of the electric field in this region is largely dictated by the
electron density profile present in the D-region at the time of the measurement. As mentioned above, the
two prominent features seen in both the measured and simulated data collections (the peak amplitude and
northern null position) have been shown to be related to the D-region electron density parameters h’ and 3.
What's more, although the peak amplitude and northern null position features are not fully independent of
one another, they do appear to contain different information about the h’ and 8 parameters. It is for these
reasons that the authors believe it should be possible to indirectly estimate the D-region parameters h’ and
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Figure 9. (a) Full-Wave Model (FWM) simulated satellite collections using 286 Faraday-International Reference
Ionosphere (FIRI) D-region profiles. Peak amplitude of passes is highlighted in red. (b) Peak amplitudes for simulated
passes mapped to each pair of D-region parameters. (¢) FWM simulated collections using 286 FIRI D-region profiles.
Northern null position is highlighted in red. (d) Northern null position for simulated passes mapped to each pair of
D-region parameters.

B, at least above a VLF transmitter, given an observation of the peak amplitude and northern null position
of a satellite-based measurement.

Using a numerical modeling tool, such as FWM, to effectively act as a transfer function between a range of
D-region electron density parameters and various observable features in the resulting electric field measure-
ments allows us to estimate the structure of the ionosphere's D-region in the vicinity of ground-based VLF
transmitters during future satellite collections. As an example, by considering a measurement taken by the
DEMETER satellite on March 7, 2006 (shown below in Figure 10a) above the NWC transmitter, the peak
amplitude and northern null position can be easily identified after appropriate filtering. Next, a normalized
L2 norm can be calculated for these two features between the DEMETER observation and each of the 286
sets of values simulated using the FIRI-generated ionospheres. The result of this L2 norm calculation is
shown in Figure 10b and the minimum value (in this case h’ = 70.5 km, 8 = 0.30 km™") can be interpreted
as the most likely set of D-region parameters to lead to such an observation.

The particular features described in this paper and used in the example above (peak amplitude and north-
ern null position) are, of course, only useful for satellite observations that occur within a relatively narrow
geographical area close to the NWC transmitter and passing through the peak of the transmitter's radiated
pattern (see Figure 8a). For satellite observations that occur outside of this narrow window the observed
E-field pattern will look very different from Figure 10a with multiple peaks and nulls occurring at different
positions along the satellite's path. In these cases, for any given satellite path, different features may need
to be identified and compared to simulated values to produce the desired estimates of h’ and 8 parameters.
In most of these cases, however, the desired features will likely need to be related to the overall signal
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Figure 10. (a) DEMETER collection (filtered) that took place on March 7, 2006. Peak amplitude and northern null
position are identified for parameter estimation. (b) Normalized L2 norm calculated over a range of D-region parameter
sets. The red "x" marks the minimum of the L2 norm and the estimated value of 4’ and .

amplitude and the relative positions of the relevant peaks and nulls in the E-field pattern as these are direct-
ly tied to the VLF signal's attenuation as it travels through the D-region and the dominant reflection point
of the VLF signal at the base of the ionosphere.

3. Summary

The D-region of the ionosphere plays a crucial role in terrestrial VLF radio wave propagation and a num-
ber of other important applications. However, due to several factors, very few direct measurements of
ionization levels in this region are available leaving researchers to rely on physics-based models, indirect
measurements, and a small handful of direct measurements when performing propagation predictions.
Various techniques have been proposed to remotely sense electron densities in the D-region either with
ground-to-ground VLF transmission links or through analysis of received lightening sferics by a collection
of VLF receivers. The current work introduces a new method of estimating D-region electron densities us-
ing trans-ionospheric VLF signals originating from high-powered ground-based transmitters.

Leveraging many years of data collected by the DEMETER satellite, hundreds of electric field measure-
ments made above the NWC transmitter were analyzed and shown to produce a unique modal interference
pattern above the transmitter. Considering only those DEMETER collections that passed through the peak
of the transmitted radiation pattern, various features were identified across most of the collections and were
shown to vary seasonally in a predictable fashion.

Assuming a parameterized model of the ionosphere’s D-region which has been used by several authors, a
small number of direct rocket measurements were used along with the FIRI model developed by Friedrich
to bound the seasonal variation expected in mid-latitude, daytime D-region electron densities. Within this
range of D-region parameters, a collection of ionospheres was assembled and used to feed a full-wave, finite
element simulation tool which was developed to simulate trans-ionospheric VLF propagation. Results from
this simulation tool were found to be highly consistent with DEMETER observations, displaying a seasonal
variation nearly equivalent to that observed by the satellite.

For each of the simulated collections, the same features observed in the DEMETER data were labeled and
compared against the D-region parameters used to generate each individual simulation. As expected, the
observed features were found to vary with the D-region ionospheric parameters being modeled. Finally, it
was shown how future satellite-based electric field measurements could be used to estimate D-region elec-
tron densities by calculating the normalized L2 norm between the observed features and those simulated
over a range of D-region parameter sets. It is important to note that although the distribution of features
found in the simulated collections did align quite well with the distribution of the same features found
in the DEMETER data (see Table 1), it is currently not clear how accurately any particular set of D-re-
gion parameters derived with this method would describe the actual D-region electron density profile in
the vicinity of the collection. To achieve this level of validation would require satellite observations of the
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trans-ionospheric VLF signal (similar to DEMETER) alongside simultaneous measurements of the D-re-
gion electron density profile by direct rocket measurement or other means in close proximity to the VLF
transmitter. Although an appropriate data set may be potentially difficult to obtain, this type of technique
validation could be the subject of future work.

Finally, as has been discussed by other authors (Bell et al., 2011; Inan, 1990), high-powered VLF transmitter
are known to modify the local ionosphere, perhaps by as much as 26% (Rodriguez & Inan, 1994). One po-
tential strength of the proposed estimation technique is that it would provide a measurement of this modi-
fied ionosphere. However, a 26% change in D-region electron density is relatively small compared with the
seasonal and diurnal variations in this region or others caused by short-term fluctuations in solar activity
and would likely not be perceived. For example, using the methods described by Wait and Spies (1964), a
26% change in electron density applied uniformly across the D-region would only result in a change to h’ of
around 0.77 km. A brief analysis looking at the relative field strengths recorded directly above the transmit-
ter as compared with those further away showed no significant difference between measured and simulated
results which assumed a horizontally uniform ionosphere. This indicates that the modification wasn't pres-
ent or that it simply was not large enough to be perceived by this technique. Ultimately, these estimates are
influenced by the seasonal variations discussed above, short-term solar fluctuations, and any ionospheric
modifications caused by the transmitter. Separating these effects could require additional ground-based
measurements taken further away from the transmitter and a more mature estimation algorithm. Develop-
ment of these data sets and estimation techniques could also be the subject of future research.

Data Availability Statement

Electric and Magnetic field spectral measurements from the DEMETER mission can be found on the CNES
website. http://cdpp.irap.omp.eu/index.php/available-data-cnes.
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