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Abstract

A newly-released, novel ionospheric dataset of global gridded vertical total electron content (VTEC) is introduced in this paper.
This VTEC dataset, provided by Los Alamos National Laboratory (LANL), is derived from very-high frequency (VHF; defined as
30-300 MHz) broadband radio-frequency (RF) measurements of lightning made by U.S. Department of Defense sensing systems
on board Global Positioning System (GPS) satellites. This paper presents the new dataset (LANL VTEC), discusses the errors
inherent in VHF TEC estimation due to ionospheric dispersion, and compares the LANL VTEC to two community standard
VTEC gridded products: Jet Propulsion Laboratory’s Global Ionospheric Model (JPL GIM) and the CEDAR community’s
Open Madrigal VTEC gridded measurements of L-band GNSS (global navigation satellite systems) TEC. We find that the
LANL VTEC data has an offset of 3 TECU from CEDAR Madrigal GNSS VTEC, and a full-width-half-maximum (FWHM)
of 6 TECU. In comparison, the offset between LANL VTEC and the JPL GIM model is -3 TECU, but with a FWHM of 5
TECU. We also compare to Jason-3 VTEC measurements over the ocean, finding an offset of less than 0.5 TECU and a FWHM
of < 5 TECU. Because this technique uses a completely different methodology to determine TEC, the sources of errors are
distinct from the typical ground-based GNSS L-band (GHz) TEC measurements. Also, because it is derived from RF lightning
signals, this dataset provides measurements in regions that are not well covered by ground-based GPS measurements, such as

over oceans and over central Africa.
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Key Points:

e New global gridded VTEC dataset derived from RF measurements from lightning

emissions during entire year of 2018 has been released.

e VTEC product adds new global coverage in areas with few GNSS receivers (ocean and

continental Africa).

e The VTEC values, generated from VHF RF data, show bias in Madrigral dataset and

differences to JPL-GIM model derived VTEC.
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Abstract

A newly-released, novel ionospheric dataset of global gridded vertical total electron content
(VTEC) is introduced in this paper. This VTEC dataset, provided by Los Alamos National
Laboratory (LANL), is derived from very-high frequency (VHF; defined as 30-300 MHz)
broadband radio-frequency (RF) measurements of lightning made by U.S. Department of
Defense sensing systems on board Global Positioning System (GPS) satellites. This paper
presents the new dataset (LANL VTEC), discusses the errors inherent in VHF TEC estimation
due to ionospheric dispersion, and compares the LANL VTEC to two community standard
VTEC gridded products: Jet Propulsion Laboratory’s Global lonospheric Model (JPL GIM) and
the CEDAR community’s Open Madrigal VTEC gridded measurements of L-band GNSS (global
navigation satellite systems) TEC. We find that the LANL VTEC data has an offset of 3 TECU
from CEDAR Madrigal GNSS VTEC, and a full-width-half-maximum (FWHM) of 6 TECU. In
comparison, the offset between LANL VTEC and the JPL GIM model is -3 TECU, but with a
FWHM of 5 TECU. We also compare to Jason-3 VTEC measurements over the ocean, finding
an offset of less than 0.5 TECU and a FWHM of < 5 TECU. Because this technique uses a
completely different methodology to determine TEC, the sources of errors are distinct from the
typical ground-based GNSS L-band (GHz) TEC measurements. Also, because it is derived from
RF lightning signals, this dataset provides measurements in regions that are not well covered by

ground-based GPS measurements, such as over oceans and over central Africa.
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Plain Language Abstract

The ionosphere is a region of the atmosphere that is very important in communications between
ground and satellite. For that reason, decades of scientific effort has been put towards developing
models of the ionosphere so that we can more accurately predict what the state of the ionosphere
is at any given location and time. A general product produced by many of these models is the
vertical total electron content (VTEC), which is the vertically-integrated electron density at a
particular location at a particular time. The majority of these models use measurements of TEC
from ground-based receivers or instruments, meaning that abundant measurements that go into
the models often lack data from over the oceans, or in technologically-limited regions of the
world (e.g. Africa). Here we present a new VTEC dataset that is derived from lightning strokes
detected with U.S. Department of Defense sensing systems on GPS satellites. Because the data
set uses naturally-occuring lightning for its source, it does not have the same limitations as
ground-based TEC measurements, and can provide an additional source of validation data for
ionospheric models. We introduce the data set and compare it with community-accepted VTEC

models and measurement.
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1 Introduction

The ionosphere is a layer of plasma in the Earth’s atmosphere (from 60 to more than
2000 km altitude) (Kelley 2009). The nature of this plasma impacts natural and man-made
electromagnetic signals that interact with it. This interaction occurs in many forms, such as
refraction, absorption, dispersion and scintillation. Being able to nowcast and forecast the
ionospheric state and variability on a global scale is important for understanding associated
communication impacts. Variability in the ionosphere is driven by several external sources,
roughly ordered as follows from the most globally to regionally significant: solar forcing solar
EUYV flux (photoionization), solar flares, and geomagnetic storms (e.g. Shunk and Sojka, 1996;
Mannucci et al., 2005; Yizengaw et al., 2006; Coster and Skone, 2008; Wang et al., 2010); and
lower atmosphere forcing gravity waves, thunderstorms, earthquakes, and explosions (e.g. Lay

2018; Azeem et al., 2015; Lay et al., 2015; Galvan et al., 2011).

Empirical and physics-driven models have been developed to accurately analyze and
forecast the state of the ionosphere (e.g. Mannucci et al., 1998; Mandrake et al., 2005, Scherliess
et al., 2006; Nava et al., 2008, Scherliess et al., 2009; Bilitza et al., 2011). These models are built
on decades of ionospheric observations. However, the ionosphere is extremely difficult to
accurately measure continuously on a global scale, and therefore it is difficult to detect and
predict variations due to individual events from the climatological average. Ground-based Global
Navigation Satellite System (GNSS) total electron content (TEC) measurements are a widely-
used global data source for use in ionospheric modeling based on their geographic ubiquity and
nearly continuous operation. However, with current ground based capabilities, these
measurements are sparse or unavailable over oceans and some regions of the world such as

central Africa.
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GNSS receivers calculate the integrated electron density along a line of sight from
satellite to receiver (slant TEC) by measuring the dispersive contributions to two separate GHz-
frequency satellite signals. TEC is then determined by combining the less precise but absolute
pseudorange measurement with the precise but ambiguous phase differential measurement.
Inherent timing uncertainties in the GHz frequency bands limits the accuracy of the absolute
TEC derived from this method to 2-5 TECU, where 1 TECU = 1 x 10'¢ electrons/m? (Burrell et.
al, 2009). Slant TEC measurements are often converted to vertical TEC (VTEC) values by using
a geometrical mapping function based on the satellite elevation angle and an assumed
ionospheric height (Burrell et al., 2009; Mannucci et al., 1998), typically between 350 and 400

km.

We present a novel dataset that provides an independent comparison of the much-utilized
GNSS TEC measurements and, in addition provides TEC measurements in low-coverage areas
(oceans, economically disadvantaged areas). The new data is derived from unique measurements
of lightning events, each of which produces a broadband radio signal that gets dispersed through
the ionosphere before it is detected on satellite receivers (Jacobson et al., 1999; Roussel-Dupre et
al., 2001). Each measured lightning provides a snapshot of the ionospheric conditions at that
instant, and many lightning measurements over time and around the globe provide unique
measurements for ionospheric science. With 93% of the LANL VTEC measurements covered by
existing GPS ground stations, these matching measurements can be used for improving
calibration of the GPS TEC measurements in space weather models. The remaining 7% of the
LANL VTEC measurements that add new coverage, while small in quantity due to the non-
continous nature of the source events, can still be used to fill the gaps in models to improve the

global scale TEC outputs in these regions during those time periods.
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In this paper, we introduce the new Los Alamos National Laboratory vertical total
electron content (LANL VTEC) product. We then compare the LANL VTEC data with GPS-
measured VTEC from the CEDAR Madrigal GNSS VTEC product (Rideout and Coster, 2006;
Vierinen et al., 2016), JPL GIM VTEC (Mannucci et al., 1998; Iijima et al., 1999), and Jason-3

VTEC measurements derived from ocean altimetry satellites.
2 Datasets

2.1 LANL VTEC Data

Los Alamos National Laboratory (LANL) vertical TEC measurements are derived from
U.S. Department of Defense broadband radio-frequency (RF) sensing systems on Global
Positioning System (GPS) satellites that measure transient events in the very-high frequency
(VHF, defined as 30-300 MHz) range. Detection of an event by multiple satellites allows
determination of the event location, based on minimization of the time of arrival at each satellite.
As RF signals from transient broadband lightning events travel through the ionosphere, they are
dispersed, so lower frequencies arrive later in time than higher frequencies (Lay et al., 2011;
Moses and Jacobson, 2004; Jacobson et al., 1999). This dispersion can be used to determine the
slant total electron content (STEC, or the integrated electron density along the line of sight
between each lightning location and the GPS satellite in medium Earth orbit (MEO)). To
determine the STEC from a recorded lightning signal, we fit the time delay versus frequency
spectrogram to the first order approximation of the Appleton-Hartree Equation (Lay et al., 2011;

Eqn. 6, and Eqn. 7a):

X(1-X)

; (Eqn. 1)
(1—X)—ﬁ+s /é+(1—X)ZYLZ

nt=1-
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123 where X=1,7/f; Y=fee/f; YL = Ycos @; Yr = Ysin 0;f, is the plasma frequency of the
124 ionosphere, f'is the wave radio frequency, fc. is the electron cyclotron frequency and € is the
125  angle between the propagation and the magnetic field vectors. The variable s = + 1, represents

126  the fast and slow modes in the plasma. When X and Y are small compared with unity, this

2
127  relation can be estimated by a Taylor expansion, taken to first order,n = 1 — %% + -+ . This

128  approximation gives a first order time delay of
129 T(f) =2+ + - (Eqn. 2)

130 where R is the source-to-sensor distance, c is the speed of light, and C; = e?/

131  8m?cgym, foL N, (1)dl . The integral of electron density, N, in this term is taken along the line-
132 of-sight path between the source and sensor, and thus represents the line-of-sight STEC (Lay et
133 al., 2011). LANL VTEC is derived from individual STEC measurements determined by using
134 the first-order approximation to the A-H Equation (Eqn. 2), and implementing a broadband

135 fitting routine similar to that described in Lay et al., 2011. Each lightning stroke can produce

136  several measurements of STEC along the various lines-of-sight to all satellites detecting it.

2
137 A mapping factor of VTEC = STEC\[l - [Cos(el)/(l + Ri)] (Burrell et al., 2009;

138  Jakowski et al., 2011), then is used to project the STEC to a vertical TEC (VTEC), where el is
139  the elevation angle of the satellite with respect to the lightning location, H is chosen to be 350
140  km, the assumed height of the ionospheric pierce point (IPP) (though altitudes between 350 to
141 450 have been used by different groups depending on specific model approach), and R, is the

142 radius of the Earth. VTEC measurements from individual lightning events are combined in 5°

143 latitude x 5° longitude geographical bins and 1-hour time bins. Latitude bins are limited to
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between -60° and 60°, since very few lightning strokes occur outside those limits. The median
VTEC in a given bin is provided in the LANL VTEC product. This binning creates a sparse
global VTEC product from lightning events. An example time period is shown in Figure 1
(bottom panel). The currently released data includes all of 2018, globally. There are 143,541 grid
cells with LANL VTEC measurements over this time period. The comparisons in this paper of

LANL VTEC to Madrigal VTEC and JPL GIM VTEC are on this entire data set.

2.2 Estimated Error on LANL VTEC

While the same first order approximation is made in order to determine GNSS TEC and
VHF TEC, the error introduced by the approximation is larger at lower frequencies due to
decreased fidelity of the X << I and Y << 1 assumptions. Also, the signal refracts much more
significantly at lower frequencies, meaning that the line-of-sight approximation is less valid as
well (Lay et al., 2011; Roussel-Dupre et al., 1999). Previous studies show that STEC error can be
larger than 10 TECU for frequencies lower than 45 MHz, but the effect is mitigated when using a
broadband signal to fit time-delay versus frequency for many frequencies at once. Because the
assumptions on X and Y are valid in the GHz regime (GNSS TEC), the majority of the error on
GNSS slant TEC estimation comes from uncertainty in resolving the absolute time delay in the
GPS signal due to hardware limitations (Sardon and Zarraoa, 1997), rather than uncertainty due

to dispersion and ray bending effects.

In this work, we estimate the ionospheric-induced error on LANL VTEC based on a
realistic sampling of lightning events around the world. We use a similar ray-tracing technique to

that of Lay et al., 2011, but with realistic ionospheric electron density profiles from the
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NeQuick2 model (Nava et al., 2008) for the specific day and location of the simulation. The
locations and times of the simulated lightning signals are generated from a random sample of
lightning locations detected by the World Wide Lightning Location Network (WWLLN)
(Dowden et al., 2002; Lay et al., 2004; Abarca et al., 2010) during two days in 2014: 14 January
and 14 July. The year 2014 was chosen due to high solar activity at that time, and, thus, high
electron density levels to bound the error on the high end of the TEC distribution. Most years

will have lower overall VTEC values, leading to lower VTEC errors.

To estimate a realistic error distribution, we created an electron density altitude profile
along lines of sight for the chosen random sample of WWLLN lightning events (location and
time) to all GPS satellites within view. Along these lines of sight, we used the NeQuick2 model
(Nava et al., 2008) with 1-km vertical spacing to provide the profile shape, including the height
of the peak electron density (hmF2). The NeQuick2 model was chosen for its fast execution
time, ease of use via command line interface, and ease of modeling the electron profile along the
line of sight, as opposed to vertically. We then used the Utah State University Global
Assimilation of Ionospheric Measurements (USU GAIM) model (Schunk et al., 2004; Decker
and McNamara, 2007) to scale the overall profile as follows. An estimate of the STEC along the
simulated line-of-sight was made by projecting vertical TEC USU GAIM onto each line of sight
given above. We then scale the profile to give the calculated USU GAIM STEC along the line of
sight. This mapping, as opposed to integrating USU GAIM along the line of sight, was also
chosen for computational speed. Our goal was to model a realistic profile in terms of shape, peak

electron density altitude (hmF2), and peak electron density (nmF2) at the time and location.

These STECs and electron density profiles form the “truth” ionosphere that we use to

compare with the estimated ray-traced TEC along each line of sight. The collection of lightning-
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to-sensor paths used in the simulation represent a realistic configuration of possible on-orbit
measurements of lightning, with as realistic ionospheric conditions as possible. These paths are
only used for this error simulation and representative of solar activity, and associated ionospheric

variation, in the year 2014 only.

We use a ray tracing algorithm through this “truth” ionosphere that uses the Bouguer’s
Formulation to produce a frequency-dependent time-delay using the full A-H index-of-refraction
with no approximations to the dispersion relation (Born and Wolf, 1999; Lay et al., 2018). A
broadband synthetic signal is produced that accounts for dispersion and ray-bending. Both modes
of the Appleton-Hartree Equation are propagated and combined to produce the simulated signal
arriving at a satellite through a known “truth” ionosphere. This dispersed signal is created with
the highest possible fidelity to approximate a real signal arriving at a satellite. This synthetic
signal is then processed through a first-order (Eqn. 2) matched filter to produce an estimate of

the STEC variability due to natural ionospheric and geometric variability.

From this simulation, the known line-of-sight STEC determined from the “truth”
ionosphere is compared with the estimated ray-traced STEC. We then convert these STEC values
to VTEC based on the geometry of source-to-sensor and the mapping function above. Figure 2
shows a probability density plot (counts per TECU x TECU bin / total counts) of the “truth”
VTEC from the known ionosphere versus the estimated ray-traced VTEC determined as
described above. This comparison gives an indication of error introduced in the LANL VTEC
measurements due to ionospheric variability and geometry. Other sources of error in the
uncertainty budget are not considered here. For VTEC less than about 30 TECU, where the
majority of the points lie, the error introduced to LANL VTEC by ionospheric and geometric

approximations is on the order of 1-2 TECU. As VTEC increases above 30 TECU, the LANL
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VTEC gridded data begins to overestimate the true VTEC, with errors as large as 10 TECU
above VTEC values of 50 TECU. These higher VTEC, and hence higher STEC, values are often
correlated with lines of sight with lower elevation angles. At lower angles, the estimated STEC
has inherently larger errors due to the fact that the second order approximation does not account
for ray bending. The lower frequencies of VHF band bend significantly more than L-band
frequencies, leading to larger errors in estimated TEC. These findings are consistent with our
previous work (Lay et al., 2011). In addition, the geomagnetic mapping factor from STEC to

VTEC loses fidelity at lower elevation angles.

2.3 Madrigal VTEC

Vertical total electron content (TEC) data, calculated from the GNSS satellite
constellations, are provided through the Madrigal distributed data system
(http://www.openmadrigal.org). Currently only the GPS and GLONASS constellations are being
processed, although it is planned to include additional constellations. The algorithms used to
compute the total electron content are described in Rideout and Coster (2006) and Vierinen et al.
(2015). All values are then mapped to an ionospheric pierce point defined to be 350 km, and a
pierce point latitude and longitude is derived. Data from approximately 6000 GNSS dual-
frequency receivers world-wide are used. The data in this paper is derived from the gridded TEC
product in Madrigal, where the TEC is stored in 1° x 1° bins at a 5-minute cadence. Each TEC
value represents the median TEC of all values within the bin. An estimate of the error is also

provided.



233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

manuscript submitted to Space Weather

Because the Madrigal VTEC data (Figure 1, middle panel) is measurement-based, not all
grid cells contain data, similar to the LANL VTEC data. Empty grid cells give an indication of
where ground-based GPS coverage is limited globally. This gridded TEC product is available
online starting in the year 2000 through the present. For comparison to LANL VTEC, we take
the median of all Madrigal VTEC values contained in a given 5° x 5° x 1 hour bin corresponding
to the LANL VTEC grid. This averaging can combine up to 300 Madrigal VTEC measurements
into one measurement for comparison with LANL VTEC, with the median value being 43
measurements. Nevertheless, the standard deviation of all Madrigal measurements within one
LANL VTEC cell has a median value of less than 1 TECU. This indicates that this averaging

technique produces a reliable estimate for comparison.

2.4 JPL GIM VTEC used in LANL VTEC comparison

A technique for producing global ionospheric maps (GIM) of TEC has been developed in
the 1990s (Mannucci et al., 1998; Iijima et al., 1999). It makes use of GNSS data collected from
hundreds of globally distributed ground-based stations. To produce GIM, the GNSS dual-
frequency pseudorange and carrier phase data are processed first to fix phase breaks and adjust
the level of the precise but ambiguous phase data to the noisier but absolute range data. This
phase-smoothed data, which contains much less noise than the pseudorange data alone, is then
used to compute relative line-of-sight or slant TEC. The slant TEC data are modeled as vertical
TEC multiplied by a geometric scaling function that depends on elevation angle, plus receiver
and satellite instrumental biases. The vertical TEC is fitted to a set of 330 localized basis
functions on a global grid to form a vertical TEC “surface”, which has a continuous second

derivative. The satellite and receiver biases are additional parameters of the fit. The basis
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functions are defined in a spherical sun-fixed longitude and dipole-based geomagnetic latitude
reference frame that accounts for two major sources of ionospheric variability: photoionization
and geomagnetic control of ionospheric dynamics. The sun-fixed frame also allows to update the
different grid points with data from the same geographic longitude at different universal time,
which helps to augment spatial coverage. A Kalman filter is used with the data to solve for a
time series of the coefficients of the basis functions and for the satellite as well as receiver inter-
frequency instrumental biases. The basis functions with the time-dependent coefficients can then
be used to estimate vertical TEC globally at any location and time. The fitted biases can be
removed from slant TEC measurements, and bias-removed slant TEC at any elevation angle can

be reconstructed by applying the slant-to-vertical mapping function.

GIM is routinely produced by the Ionospheric and Atmospheric Remote Sensing (IARS)
group at the Jet Propulsion Laboratory (JPL) to support NASA’s Deep Space Network and space
missions, solid Earth and ocean altimeter missions, and space weather research. One of the GIM
products is distributed in IONEX format. The files consist of globally gridded TEC maps with 5°
x 5° (geographic latitude and longitude) spatial resolutions and 2-hour cadence. The IONEX
TEC map data is delivered to the NASA CDDIS data archive center (refer to the above weblink)
on a daily basis. A higher-resolution version of 2° x 2° and 1-hour cadence is also available,
which is used in this study. The IONEX maps, which are included in the Jason series altimetry
data products, contain an offset of +2 TECU added to GIM in post-processing. This offset was
based on early comparisons to TOPEX/Poseidon TEC in the late 1990s, which suggested that
GIM maps were biased low. After years of GIM comparisons, it is not clear that GIM are biased
low, but the offset for IONEX has been maintained to ensure a consistent record for altimetry,

which is concerned with long-term sea level changes.
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For this study, we use the JPL. GIM or JPL VTEC term throughout this paper to represent
the IONEX VTEC data of the JPL GIM at 2° x 2° resolutions and 1-hour cadence used in this
analysis, though other GIM products are also generated at JPL. For comparison to LANL VTEC,
we first interpolate onto a 1° x 1° x 1-hour grid, and then take the median of JPL VTEC values
contained in a given 5° x 5° x 1-hour bin corresponding to the LANL VTEC grid (Figure 1, top
panel). Because JPL VTEC data are already given on a time cadence of 1 hour, this averaging
method only combines about 7 JPL VTEC measurements into each LANL VTEC grid cell. The

standard deviation of JPL VTECs within one LANL VTEC grid cell is less than 0.5 TECU.

2.5 Jason-3 VTEC

Jason-3, launched in January 2016, is the most recent mission in a series of satellites
(TOPEX/Poseidon, Jason-1, and Jason-2) that include dual-frequency altimeters, operating at
13.575 GHz (Ku-band) and 5.3 GHz (C-band), to measure the height of the ocean surface to high
accuracy. Corrections must be applied to these measurements due to the dispersive nature of the
atmosphere that results in path delay of the radar signal. The ionospheric correction, or delay, is
directly proportional to the electron content along the ray path and inversely proportional to the
frequency (f) squared of the signal. The difference in delay between the altimeters’ dual-
frequency measurements can be used to calculate the total electron content in the nadir direction
(VTEC) from the spacecraft at 1354 km altitude to the surface over the oceans (Imel, 1994). TEC
is calculated using the following formula:

Tonospheric TEC (electrons/m?) = -dR * 2/40.3
where dR is the Ku-band ionospheric range correction in meters provided in the Jason-3

geophysical data records (GDRs). The sampling rate of the Jason-3 instruments is 1Hz; however
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as recommended by Imel (1994) and the Jason-3 Handbook (Dumont et al., 2017), the
ionospheric range correction should be smoothed over 100 km or more to reduce instrument
noise. To calculate the Jason-3 TEC used in this study, we have averaged the measurements over
18 seconds, which gives us TEC with a resolution of ~2°, or ~200 km. The Jason-3 satellite is in
an orbit with a 66° inclination and a 10-day repeating reference orbit, advancing approximately
2° per day. To cover all local times takes about 90 days. While Jason-3 does not provide a dense
set of measurements, it does provide a direct measure of VTEC up to an altitude of 1354 km.
Altimeter data has been used extensively to validate TEC models and other measurement
techniques (e.g., Mandrake et al., 2005; Yasyukevich et al., 2010). In comparing between GNSS
TEC and Jason-3 TEC, it is important to account for the fact that GNSS TEC will include
integrated electron density up to GNSS altitude in mid-Earth orbit (MEO: 20,200 km for GPS
satellites) above the Jason-3 altitude (or plasmaspheric TEC), and thus, would be expected to be

slightly higher than Jason-3 TEC by 1-2 TECU.

6 Data Analysis

For comparison of Madrigal VTEC and LANL, we first determine which grid cells had
measurements for both data sets. The LANL VTEC contained 143,541 total cells. For the entire
year of 2018 there are 134,084 joint cells between LANL VTEC and Madrigal VTEC, or 93.4%
of all LANL VTEC cells are also covered by Madrigral VTEC cells. We refer to these cells as
“matched” cells. Figure 3 shows a probability density of the differences (LANL VTEC —
Madrigal VTEC; solid blue curve). The distribution has an offset of 2.5 TECU with a full-width,
half-maximum of 6 TECU. Figure 4a shows a probability density plot of Madrigal VTEC (x-

axis) versus LANL VTEC (y-axis) for all matched grid cells. Again, the slight offset of about 2.5
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TECU for LANL VTEC is evident compared to Madrigal VTEC, but the distribution clusters
well around a line of slope = 1 for the majority of TEC values. The LANL VTEC higher estimate
for VTEC values is also evident in this figure, as well as the LANL VTEC tendency to produce

larger overestimates at higher VTEC, as shown in Figure 2.

We then do the same comparison of joint grid cells between JPL GIM VTEC and LANL
VTEC. Because JPL GIM is a global model it can be compared with LANL VTEC both where
Madrigal VTEC data is existing (143,541 cells) and where LANL VTEC adds new coverage
compared with GNSS measurements (9,457 cells). Figure 3 shows the probability density
function of LANL VTEC — JPL GIM VTEC is plotted for all LANL grid cells (black solid line).
While it is not plotted here, we have looked at the probability density for the new coverage
separately from the cells matched to Madrigal, and the plots are nearly indistinguishable from the
probability density of all LANL cells shown in Figure 3. This indicates that biases and widths are
very similar regardless of whether the JPL GIM cell was well-covered by measurements or not.
The offset between the LANL VTEC and matched JPL GIM data sets is -3 TECU with a FWHM
of 4 TECU. The negative sign on the offset means that JPL GIM generally has a higher TEC
value when compared with LANL VTEC. Given that a constant of 2 TECU is added to the
IONEX data of JPL GIM due to the bias concern when compared with the altimeter TEC data,
the difference between LANL VTEC and JPL GIM would be -1 TECU if that offset were

removed. Figure 4b shows the density plot of all JPL GIM VTEC versus LANL VTEC cells.

Given that JPL GIM fills in all cells globally, the comparison of the LANL VTEC data is
a comparison to a global fit rather than specific measurements at certain locations as with the
Madrigal VTEC. Furthermore, while JPL GIM model is driven by global GNSS TEC

measurements, it uses a different set of about 200 IGS receivers than Madrigal GNSS, which
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uses all available receivers. The similarity between the LANL VTEC comparisons to Madrigal

GNSS and JPL GIM model gives credibility to the LANL VTEC data set.

While JPL GIM and Madrigal GNSS VTEC are dependent on ground-based GPS
measurements, and, thus, restricted to land locations, the Jason-3 VTEC measurement is only
made over ocean, so can provide a comparison to LANL VTEC coverage over the oceans.
However, since both LANL VTEC and Jason-3 VTEC are sparse data sets, the number of
matched cells is limited (1594 matching out of 266,630 Jason-3 measurements in 2018). Figure 2
(dashed magenta line) shows the probability density function of the difference between LANL
VTEC and Jason-3 VTEC, with an offset of less than 1 TECU, and a FWHM of about 4 TECU.
Figure 4c shows the 2-D probability density comparison, indicating that these two data sets agree

well for all VTEC values in common.

Because the matched number of events between Jason-3 and LANL VTEC are low, we
also plot the probability density of the comparison between Jason-3 and JPL GIM (Figure 3,
dash-dotted red line). The comparison between Jason-3 and JPL GIM is nearly identical to that
between LANL and JPL GIM, giving further evidence that the LANL VTEC data agrees

extremely well with the Jason-3 measurements.

Figure 5 shows the number of counts for which each geographical grid cell contained
LANL VTEC data but not Madrigal VTEC data. The red dots show locations of the GNSS
receiver sites used by Madrigal. As expected, LANL VTEC is able to add data in locations with
limited or no GNSS receivers. For the particular time period shown in Figure 1, LANL VTEC is
able to fill in a critical part of the map (central Africa) that was not measured with existing

ground-based GNSS receivers. The IGS receiver placement is also tied to accessible land
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locations with maintainable internet connects, so we assume that similar regions should be

lacking IGS data as were lacking Madrigal data.

6 Summary and Discussion

This paper has introduced the LANL VTEC lightning data set, and compared it to the
community data set of Madrigal VTEC from GNSS receivers, the community ionospheric model,
JPL GIM, and oceanic VTEC measurements from Jason-3. Because the sources of error are
independent for these various data sets, the comparisons presented here add confidence to all

datasets. Specifically, these results show the validity of the novel LANL VTEC dataset.

We find the LANL data set is offset 3 TECU higher than Madrigal VTEC with a
distribution FWHM of 6 TECU. This finding is consistent with the estimated ionospheric error
of 1-2 TECU from the LANL ray-tracing comparison, and the estimated 2-4 TECU error on
GNSS L-band absolute TEC. Because the comparisons are made between measurements at the
same location and time, this agreement adds confidence to LANL VTEC values globally and
over a wide range of TEC values and ionospheric conditions. This comparison indicates that the
Madrigal VTEC may be leveled (absolute bias) slightly lower than it should be. A further
indication of a lower bias than reality is the finding that Madrigal GNSS VTEC, which includes
plasmaspheric TEC contributions, is found to be lower than Jason-3 VTEC, which does not
include plasmaspheric TEC. More comparisons must be done before fully understanding how

each dataset might need to be adjusted.

We find the LANL data set and JPL GIM dataset have an offset of -3 TECU, indicating

that JPL GIM VTEC are typically higher than LANL VTEC by 3 TECU. This includes a bias of
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+2 TECU on the JPL GIM VTEC based on past comparisons. Thus, the JPL GIM /LANL VTEC
offset may actually be less than 3 TECU. The overall FWHM spread between LANL VTEC and
JPL GIM is 5 TECU. This indicates that JPL GIM may be leveled slightly higher than they

should be, but very comparable with LANL VTEC.

While LANL VTEC and Jason-3 VTEC have very limited overlap in their coverage, the
agreement between the two is very good, with an offset of less than 1 TECU. Most grid cells
with overlapping coverage have less than 20 TECU, so this comparison does not address higher
VTEC values. However, the comparison with better statistics between Jason-3 VTEC and JPL
GIM gives similar results to the comparison between LANL VTEC and JPL GIM. This indicates
that it is likely the good agreement between LANL VTEC and Jason-3 VTEC would hold for a

wider range of grid cells.

Finally, this paper shows that the LANL VTEC provides additional ionospheric
measurements in regions currently lacking data for global ionospheric models, such as over the
oceans and central Africa. Following papers will delve more deeply into case studies,

particularly looking into geographic differences between LANL VTEC and other data sets.
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Figure Captions

Figure 1. 1-hour snapshot at 18:30:00UT 09 June 2018 of gridded global VTEC for JPL GIM

(top) Madrigal GNSS (middle) and LANL VTEC (bottom).

Figure 2. A 2-D probability density plot of TEC difference introduced by ionospheric variability

and geometry between the known VTEC (x-axis) and the estimated LANL VTEC (y-axis).

Figure 3. A probability density plot generated from the difference between LANL VTEC and:
Madrigral VTEC for matched cells (blue thin solid), JPL GIM (black thick solid), Jason-3

(magenta dashed). Red dash-dotted line shows Jason-3 — JPL GIM VTEC.

Figure 4. 2-D probability density plots of (a) Madrigal VTEC, (b) JPL-GIM VTEC, and (c)
Jason-3 VTEC on x-axis and LANL VTEC on y-axis. Colorbar represents density in counts per

sq. TECU unit area / total counts.

Figure 5. Counts of grid cells with LANL VTEC without comparable Madrigal VTEC gridded
data. The most notabled areas of increased coverage are in continental Africa, southwest of

Mexico, and over the oceans. The first two areas correlate well to significant lightning activity.
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Figure 2. A 2-D probability density plot of TEC difference introduced by ionospheric variability

and geometry between the known VTEC (x-axis) and the estimated LANL VTEC (y-axis).
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Figure 3. A probability density function generated from the difference between LANL VTEC
and: Madrigral VTEC for matched cells (blue thin solid), JPL GIM (black thick solid), Jason-3

(magenta dashed). Red dash-dotted line shows Jason-3 — JPL GIM IONEX VTEC.

10 2
=}

>
= 50 1 1 10228
0 S
i 40 1 I 107°353
— . i >N
= > =4 1075 i
52 1 1 gF
10 1 1 10°35g
o -
0 T T T T T T = T T T T T T T T T T 10_6 g
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 =

Madrigal (TECU) JPL GIM (TECU) JASON (TECU)

Figure 4. 2-D probability density plots of (a) Madrigal VTEC, (b) JPL-GIM IONEX VTEC, and
(c) Jason-3 VTEC on x-axis and LANL VTEC on y-axis. Colorbar represents density in counts

per sq. TECU unit area / total counts.
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Counts of grid cell when LANL VTEC data contains data without corresponding GNSS TEC data
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Figure 5. Counts of grid cells with LANL VTEC without comparable Madrigal VTEC gridded
data. The most notabled areas of increased coverage are in continental Africa, southwest of

Mexico, and over the oceans. The first two areas correlate well to significant lightning activity.



