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Abstract—In addition to the awe it inspires, lightning can
illuminate the microphysical processes hidden away within deep
convection. The current generation of space-based lightning
mapping uses mostly 2D optical imaging to connect overall
flash characteristics to their parent storm dynamics, but are
missing a dimension’s worth of information. With lightning now
classified as an essential climate variable, future spaceborne
mappers will need improved capabilities to take advantage of
the 3D structure of lightning flashes to support meteorological
and climate modeling. We report here on a study of the
feasibility of high-resolution 3D lightning mapping using a radio
frequency (RF)–based network of satellites from low Earth orbit
(LEO). Lightning sources are simulated using existing Lightning
Mapping Array (LMA) tools, modified for orbital detection, and
spatially reconstructed using a Levenberg-Marquardt geolocation
algorithm to assess sources of uncertainty in these solutions. We
analyze the benefits and limitations of this approach compared
to existing orbital and ground-based methods.

Results of this study show that lightning can be mapped in 3D
with a vertical location accuracy better than 2 km using as few
as five satellites in LEO capable of measuring the time-of-arrival
of impulsive RF signals in the very high frequency (VHF) band.
The consequence of this study is that high-resolution, spaceborne
3D mapping of lightning is achievable across most of the globe,
having crucial implications for our understanding of not only
lightning, but also severe weather development, climate science,
and more.

Index Terms—Lightning mapping, geolocation, radio fre-
quency (RF), time of arrival (TOA), low-Earth orbit (LEO)

I. INTRODUCTION

L IGHTNING occurrence is directly tied to hydrometeor
content and vertical wind motion within thunderstorms

[1], [2], [3], [4], such that lightning can be used to identify
the propensity of a convective system to produce severe
weather [5], [6], [7]. Atmospheric chemical composition is
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influenced by lightning through the production of nitrogen
oxides (NOx), which regulate atmospheric ozone and hydroxyl
radical in the troposphere [8]. This supports the idea of a cycle
in which increased ozone contributes to a warmer climate,
increasing lightning rate, producing more ozone, and so on [9].
Hence, lightning measurements can improve both weather and
climate forecasts (e.g., [10]). Moreover, because lightning is a
distinctive signature of deep convection, it can be used to infer
climatological changes in storm frequency and intensity—a
signal that has become particularly sensitive at high latitudes
[11], [12], [13].

Satellite-based optical lightning detectors have been used
since the 1990s to map global lightning activity from the
vantage point of low-Earth orbit (LEO) [14], [15] and more
recently in geostationary orbit aboard the Geostationary Light-
ning Mapper (GLM) [16], [17], [18]. They provide two-
dimensional (2D) maps of in-cloud (IC) and cloud-to-ground
(CG) lightning flashes and are used to monitor weather and
study the climate. A stereo mapping technique has been
developed for three-dimensional (3D) geolocation of lightning
and demonstrated within overlapping GLM fields of view
[19]. This could also be accomplished with overlapping LEO-
based optical lightning mappers, but this optical technique
primarily provides a measure of cloud-top altitude and gives
an obscured, 3D view of the lightning channel geometry. A
promising machine learning approach to estimate flash altitude
from a single GLM sensor has also been developed [20].
It combines 2D optical measurements from GLM with 3D
observations from a ground-based radio-frequency lightning
network to train a random forest model capable of retrieving
the altitude of the charge layer where a GLM group originates.
However, this approach is limited by the detection efficiency
of optical lightning mappers, which can suffer in optical thick
clouds and toward the edges of their field of view (e.g., [21],
[22]).

Electrical breakdown associated with lightning activity also
produces radio wave signals, which are insensitive to cloud
scattering but can be affected by the ionosphere. The FORTE
(Fast On-orbit Recording of Transient Events) satellite demon-
strated that very high frequency (VHF) radio receivers tunable
between 20–300 MHz can be used to detect lightning activity
from space. FORTE also carried an optical lightning detector
that has been combined with its VHF detections to locate
the altitude of lightning discharges [23]. This approach relies
on the time delay between the direct and reflected VHF
wave generated by lightning, often called a trans-ionospheric
pulse pair (TIPP; [24]). Determining source altitudes using
this method still requires coincident ground detection or op-
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tical observations. However, not all VHF events may have
both a reflected wave and corresponding optical event—such
coincidences are found for only 32% of the FORTE VHF
triggers analyzed by [25], albeit physical and/or instrumental
constraints can be a limiting factor (e.g., optically thick cloud,
different spectral fingerprint, below detection threshold, trigger
rates, etc).

A more detailed depiction of lightning activity is made with
a Lightning Mapping Array (LMA), which is a ground-based
network of approximately ten radio-receiving stations that
use a time-of-arrival (TOA) techniques and global positioning
system (GPS) receivers to reconstruct the 3D structure of
lightning channels from VHF sources with high spatial and
temporal resolution [26], [27]. The 3D observations from
such networks paint a greatly enhanced picture of lightning
development within the cloud and how it is influenced by the
fluxes of ice particles throughout the thunderstorm life cycle
[5], [28], [29], [30], [31] as well as insights into volcanic
eruptions [32] and constraints on the production of lightning
NOx [33], [34], [35]. A major limitation of these ground-based
VHF networks is their 3D coverage, which for most LMAs is
within 100 km from the network center and is restricted by
line of sight [27], [36], [37], [38]. Hence it is not practical
to obtain 3D maps of total (combined IC and CG) lightning
activity on a global scale using ground-based networks. There
is a need for a space-based capability.

The possibility and utility of similar multi-detector TOA
techniques have also been explored using GPS satellites [39],
[40], [41]. The findings suggested that only the most powerful
VHF emissions could be geolocated, perhaps limited by the
high orbital altitudes of 20,000 km. However, FORTE has
since reported a zoo of detectable features from LEO at an
altitude of ∼825 km while resolving the diurnal cycle [42].
In order to benefit from their closer proximity, remote-sensing
instruments in LEO face additional limitations in the form of
a restricted observation duration and latitude coverage only up
to the orbital inclination.

One application of this quasi-global 3D mapping capability
is inferring the polarity of the main charge regions and esti-
mating their altitudes and depths with high vertical resolution,
which is important because they in turn map the distribution
of charged hydrometeors by vertical motions within the cloud
(e.g., [43], [44], [45], [46], [47]). Hence, the relative distance
between charge layers is related to the storm lifecycle (e.g.,
[48] ), and monitoring them can provide insights into the key
processes that drive severe weather and potentially the cause of
terrestrial gamma ray flashes and upper atmospheric electrical
discharges (e.g., [49], [50], [51], [43]).

The feasibility of mapping charge structure from the vantage
point of space has yet to be established—can a spaceborne
VHF lightning mapping network locate 3D sources with a 1-2
km accuracy needed to depict the gross electrical charge struc-
ture of a thunderstorm? How is geolocation accuracy affected
by array geometry, increased attenuation, and dispersion when
observing lightning RF signals from low Earth orbit (LEO)?
This study seeks to address these questions.

II. METHODS

A. LMA Simulation Software and Modifications

Lightning observations from LMAs can be impacted by
both detection efficiency and location accuracy at the VHF
source and combined flash levels. Historically, Monte Carlo
simulations, curvature matrix theory, and additional linearized
methods have been employed to model LMA performance
(e.g., [36], [27]). Python-based "LMAsimulation" software has
been developed for standard ground-based LMAs to address
location accuracy and detection efficiency through application
of either Monte Carlo modeling or curvature matrix calcula-
tions and is adaptable to any unique network configuration
with variable individual sensor performance characteristics
[37]. In addition to quantifying the error associated with
existing ground-based LMA configurations, its adaptability
makes the software well-suited to inform the design of new
LMA networks, including a space-based design concept.

To address the feasibility of an LMA-like constellation de-
ployed in LEO, the LMAsimulation software was modified to
transform a ground-based network to the space-based perspec-
tive. First, the original LMAsimulation software incorporates
a tangent plane reference system to properly account for line-
of-sight considerations owing to the Earth’s curved surface,
which limit the maximum range of lightning detection from the
perspective of a ground-based network. As ground-based line-
of-sight considerations do not similarly impact space-based
observations, the LMAsimulation software was modified to
exchange the tangent plane coordinate system with an Earth-
centered, Earth-fixed (ECEF) coordinate system.

Additionally, a few minor source detection constraints were
modified from the original LMAsimulation software for calcu-
lating VHF source location accuracy in space. Though time-
of-arrival (TOA) methods technically require detections by at
least 4 non-collocated sensors to determine the timing and
three-dimensional location of a source, operational ground-
based LMAs typically use 10 or more stations and require
at least 6 interdependent arrival time measurements to aid in
distinguishing true lightning emission from noise and mini-
mizing mislocations due to near-simultaneous observation of
extraneous sources [26], [27]. However, fewer stations are
desired for a spaceborne array (due to cost) and we relaxed
the minimum number of required detections to between 4–6
VHF sensors in a LEO constellation. Because this study is
focused on demonstrating the potential geolocation accuracy
independently of detection efficiency, source power consid-
erations were also decoupled from the simulation to ensure
all sources were detected by each satellite. Further studies of
these factors would be instrumental in determining the type
and amount of sources that could be geolocated from LEO.

With space-based detection, there are three expected sources
of geolocation error in the TOA algorithm: geometric ef-
fects based on the configuration of satellites relative to VHF
sources, ionospheric effects including RF signal dispersion
and the “dechirping” process (Section II-C), and instrumen-
tal uncertainties. This study aims to determine the effect
of these errors on overall source location accuracy for a
generalized constellation of satellites. As such, topics which
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are largely hardware dependent (e.g., detection threshold) are
not addressed. On the other hand, instrumental timing error
is necessary for realistic geolocation simulations and can be
conservatively estimated based on existing ground and space-
based sensors. For this study with many stations moving at
high speeds, a conservative RMS error of 100 ns was used, as
compared to approx. 23–46 ns in studies of stationary, ground-
based LMA stations [27], [37].

B. Array Geometry

Basic versions of this simulation were run initially without
considering ionospheric effects while developing the constella-
tion configuration. Altitude and satellite spacing were varied at
a range of latitudes while simulating an idealized VHF source
directly below the array center. Figure 1 shows the relationship
between constellation altitude and resulting location accuracy
around the chosen altitude of 525 km, highlighting their weak
interdependence in LEO. Other considerations could be made
based on instrumentation or preferred orbit, but this choice
was largely arbitrary for this concept study. The horizontal
separation between stations, however, has a much stronger
effect on geolocation accuracy, particularly in the vertical.
Figure 2 shows that average errors are lower for more spread-
out constellations, but at a cost. These TOA analyses require
as many redundant detections as possible, and a source is more
likely to be detected by several satellites when they are closer
together. The constellation was thus designed to consist of
2 orbital planes with inclinations near ≃62◦, each having 3
stations separated by 300 km, minimizing horizontal spacing
while keeping vertical accuracy under 1 km for an idealized
source at nadir.

Figure 3 illustrates how these orbital planes affect array
geometry across a limited range of latitudes. At 60◦ N for
example (top row), the two orbits converge, reducing their
horizontal spacing and increasing perpendicular RMS errors.
Because the spacing along each orbit remains constant, errors
parallel to the orbit direction are fairly consistent at each
latitude (left column). Note that the simulations of Figure 3
represent an initial step informing the orbital configuration
development alongside Figures 1 and 2, and should not be
compared directly to later results. They were run with sym-
metrical satellite spacing, no ionospheric effects, and assumed
a higher instrumental timing error of 500 ns. Satellite positions
along each orbital path were later varied to avoid symmetry
between individual baselines in the array while maintaining
the 300 km average separation distance (dimensions shown in
Figure 6 for clarity). The original and adjusted configurations
are compared in Section III to help illustrate the geometric
effects of geolocation accuracy.

In addition to the satellites’ orbital positions, geometric ef-
fects also include varying number of stations. This is standard
practice for simulating LMAs of different sizes, with a well-
defined LMA event defined as being detected by a minimum
of six ground stations (Section II-A). Cost and instrument
size are much more restrictive in the case of an orbiting
array, however, and therefore it becomes increasingly vital to
evaluate the performance of smaller constellations with the

Fig. 1. Root mean square error calculated for the (a) x-coordinate (East-West),
(b) y-coordinate (North-South), and (c) z-coordinate (altitude) of simulated
VHF source locations over a range of simulated network altitudes in low Earth
orbit. For each simulated network altitude, 1000 sources at 7 km altitude were
simulated at the geographic center of the simulated network with horizontal
spacing of 400 km. Blue markers indicate the RMS errors produced by the
simulations while ignoring atmospheric effefcts.

Fig. 2. Same as Figure 1, but for a fixed orbit altitude of 525 km and over
a range of horizontal spacing distances.

possibility of fewer than six minimum detections. For example,
signal power loss due to dispersive and range effects may
prevent signal detection by one or more satellites. In these
cases, a system with more flexible minimum conditions may
still be able to reconstruct 3D source locations, albeit with
increased uncertainty.

Although outside the scope of this analysis, it is worth not-
ing that this minimum could be extended below four satellites
with the addition of alternative detection methods to provide
redundant measurements. For example, two coordinates could
be provided by an onboard optical imager, the most common
type of orbital lightning detector, constraining both horizontal
coordinates (x, y) with resolution depending on pixel size
(e.g., [14], [15], [16]). This would leave the two remaining
coordinates of time and altitude (t, z) to be solved by TOA
analysis using the time of detected RF signals as above. In
contrast to these techniques is the single-satellite approach
taken by FORTE [23], which provided both optical and RF
measurements of lightning flashes to account for the x, y, and
t coordinates. The fourth crucial measurement z was made in
the form of Earth-reflected pulses as introduced in Section I.
These four measurements then give a well-determined solution
to the four coordinates with reasonable vertical resolution.
The downsides of this approach are its reliance on detecting
coincident optical and reflected pulses [52], [53], [25], [54].

C. Ionospheric Model

An LMA in LEO must also detect VHF sources through
the depth of Earth’s atmosphere, including the ionosphere,
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Fig. 3. Root mean square error calculated for x′ coordinate (parallel to
orbit path, left column), y′ coordinate (perpendicular to orbit path, middle
column), and z coordinate (right column) of simulated VHF source locations
at low (bottom row), middle (middle row), and high latitudes (top row) in
a grid underneath the original, symmetric satellite configuration described in
Section II-B (black dots). Dimensions of the configuration at each latitude
are shown in the middle column with arrows indicating the orbit direction.
The error colorbar transitions at 500 and 2,000 m to highlight those specific
value ranges with labeled contours in black. Note that these simulations were
run with the original, symmetric configuration during development, use a
higher assumed instrumental timing error of 500 ns, and do not include any
ionospheric effects.

which uniquely impacts electromagnetic propagation. A robust
model of ionospheric effects was applied accordingly to more
accurately simulate VHF emission and propagation. These
simulations use a double exponential function to emulate a
burst of VHF lightning emission at 10 km altitude with an
impulsive signature. The ionosphere is modeled as a slab
of uniform electron density. An input vertical total electron
count (vTEC) representing the ionosphere’s integrated electron
density along a vertical path is converted to slant TEC by
assuming uniform electron density and applying the signal’s
travel path length through the ionosphere. For this study, we
used vertically integrated TEC values of 5, 30, and 60 (in units
of TECU = 1016 electrons/m2) to sample diurnal, seasonal,
and solar cycle variations. These values don’t reflect the full
range of global ionospheric vTEC, but are fairly representative
of the simulated mid-latitude region centered at 30.2◦ N,
92.3◦ W [55]. For comparison, Data of the International
Global Navigation Satellite System Global Ionospheric Maps
(IGSG), available via Earthdata.nasa.gov, report average day
(night) vTEC values of 12 (8) TECU at periods of low
solar activity and 37 (17) TECU at periods of high solar
activity, though mid-day peaks at this latitude occasionally
reach 60 TECU and above. Near the magnetic equator during
solar maximum, these peaks can even exceed 100 TECU.
Conversely, vTEC typically remains below 10–20 TECU at
night and at high latitudes.

The dispersion of VHF signals was forward-modeled us-
ing the full Appleton-Hartree equation [56], [57], [58], [59]
following the example of [60]. Refraction was handled by
satisfying Snell’s law for each frequency at the ionosphere’s
boundaries. Birefringence was accounted for by calculating
wave polarization using available magnetic field orientations
obtained from International Geomagnetic Reference Field data
(IGRF; [61]). A single, unpolarized plane wave incident on a
border of ionospheric plasma can be decomposed into two
modes of forward propagating waves (plus two backward-
propagating waves). These were traced individually at each
frequency and resulted in two circularly-polarized modes ar-
riving at each orbiting station. All frequencies and modes were
then recombined, producing a properly dispersed waveform.

In order to realistically simulate the potential of calculating
a source’s time of arrival, we processed this waveform in
a way that emulates a physical detector. We first combined
the dispersed, 3D vector electric field into right-hand circular
polarization to suppress one of the birefringent wave modes.
We then added Gaussian noise to achieve a signal-to-noise
power ratio of 10:1. Although this power ratio is lower
than the sub-band threshold used by FORTE[23], it is used
only to introduce noisy signal dithering and does not affect
detectablity in these simulations. We artificially sampled the
result at 200 megasamples per second, then applied a 40–
60 MHz bandpass filter to capture and isolate the targeted
frequency range using a direct-digitization approach.

The processed signal was then dechirped by finding the TEC
value that maximizes kurtosis of the time series waveform
(e.g., [23]). The peak of the dechirped signal was defined
as the simulated time of arrival at each station. This pro-
cess only accounts for first order dispersion effects that are
proportional to the electron density and does not remove all
of the dispersion. As such, the residual error in the arrival
times, which varies over the constellation, is one of the
main contributors to geolocation accuracy. Further dispersion
removal due to magnetic field effects is possible once an
initial solution for the location is known. These arrival times
were further varied according to a normal distribution with
standard deviation equal to the assumed instrumental timing
error of 100 ns, based on the current capability of commercial
Global Navigation Satellite System (GNSS) receivers for small
satellite applications (e.g., [62]).

III. RESULTS AND DISCUSSION

The simulations outlined above in Section II were run using
generated sources spread over a 600 x 600 km square centered
on the constellation’s nadir to determine the uncertainty of
reconstructed coordinates and produce the plots of this section.
Results are given in a rotated coordinate frame as parallel
and perpendicular to the constellation’s orbital path (dubbed
x′ and y′, respectively). Simulations were performed at mid-
latitude (30.2◦ N, 92.3◦ W) with source altitudes of 10 km
and do not consider source power, instrument design, nor the
resulting detection efficiency. These excluded factors have par-
ticular influence on any sources originating from outside the
360,000 km2 region examined here. Strong lightning emissions
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Fig. 4. Root mean square error calculated for x′ coordinate (parallel to
orbit path, left column), y′ coordinate (perpendicular to orbit path, middle
column), and z coordinate (right column) of 250 simulated VHF sources
at each grid point underneath the original, symmetric orbital configuration
described in Section II-B. The configuration contains 6, 5, and 4 satellites in
the respective top, middle, and bottom rows with locations displayed as the
overlaid black dots. These simulations were run at 30◦ latitude and with a
30 vTEC ionosphere. The colorbar transitions at 500 and 2,000 m to highlight
those specific value ranges.

from farther away will still be detectable if their power is high
enough to surpass instrument thresholds, but would be poorly
geolocated and may also interfere with those of closer sources
if observed near-simultaneously. In practice, satellite receivers
may be able to identify and discard these signals based on their
greater signal dispersion or using complex antenna geometries
[63]. However, since it has been shown that the observation
rate of near-simultaneous, strong IC pulses by space-based
platforms is relatively low [64], these results focus on the
geolocation of temporally isolated emissions.

A. Geometric effects

Figures 4 and 5 show the resulting RMS errors when varying
the number of active satellites in the original symmetric
and modified constellation configurations, respectively. These
simulations were run under the same ionospheric conditions
with electron density of 30 vTEC to isolate geometric vari-
ations. Quantitatively, the average geolocation errors for the
original 6-satellite configuration (top row of Figure 4) were
180 m, 280 m, and 940 m for the x′, y′, and z coordinates,
respectively. The 5-satellite location errors (middle row) were
comparable at 230 m, 330 m, and 910 m. Surprisingly,
the average vertical error here is slightly lower than for 6
satellites, especially at the array center. We speculate that this
is due to the reduced symmetry of the 5-satellite configuration
for central sources, resulting in fewer local minima in the
geolocation algorithm. Outside the array’s footprint, accuracy
drops off more quickly for 5 satellites, hence the average error
would likely be higher than for 6 satellites if a larger field of
view were considered.

Fig. 5. Same as Figure 4, but for the adjusted orbital configuration with
reduced symmetry as described in Section II-B. Dimensions of this configu-
ration are shown in Figure 6 for clarity.

For the well-determined solutions using 4 satellites, while
technically containing the necessary number of measurements,
there are zero degrees of freedom to compensate for inherently
noisy observations. This produces inconsistent solutions with
average errors exceeding several kilometers (bottom row). As
explored in Sections I and II, the poor resolution and coverage
of this result could theoretically be remedied by including a
2D imager onboard one or more satellites to constrain sources’
horizontal positions in the minimization algorithm, but would
require correlated optical emissions. Using only RF observa-
tions, however, 4-satellite solutions are largely unreliable while
5- or 6-satellite solutions can geolocate sources within the
1–2 km accuracy preferred for mapping thunderstorm charge
structures.

One feature of note across many of these results is the
occasional grid point with much higher error than those sur-
rounding it (e.g. middle row of Figure 4). These poor solutions
are likely a result of shallow gradients in the minimization
algorithm and typically occur at the midpoint between two or
more satellites. This was one factor leading to the satellite con-
figuration’s redesign to minimize baseline symmetry. However,
the features can still occur as in Figure 5, depending not only
on array geometry but also on local ionospheric conditions.

For the altered configuration of Figure 5, contour plots
show the subtle changes that accompany shifting satellite
positions while the overall errors are slightly lower than those
of the original configuration. With 6 active satellites, average
errors are 160 m, 210 m, and 850 m for the x′, y′, and z
coordinates. The 3D resolution of individual sources is <2 km
for the entire 360,000 km2 region beneath the constellation,
producing a swath ≥600 km wide trailing behind the orbit over
mid-latitudes with accuracy sufficient for determining charge
structure. This contains a smaller region of 216,000 km2 with
3D resolution <1 km (approx. 530 km swath width). With
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Fig. 6. Same as Figure 5, but with varying simulated ionospheric vTEC
values of 5 (top row), 30 (second row), and 60 (third row). The fourth row
also shows 60 vTEC, but with a higher instrumental timing error of 500 ns
in order to improve the poor convergence rates seen in the row above. These
simulations were run with 6 satellites in the altered orbital configuration with
reduced symmetry. The altered horizontal spacing between and along each
orbit are shown in the top right panel for clarity with arrows indicating orbit
direction.

this asymmetric configuration using 5 active satellites, average
errors are somewhat higher for each respective coordinate
axis at 290 m, 330 m, and 1,100 m. 3D source resolution
is <2 km for approx. 88% of the analyzed area, covering
315,000 km2 (again ≥600 km swath width). Coverage with
<1 km resolution is ≃160,000 km2, equivalent to 450 km
swath width. The bottom row again shows the inaccuracy and
inconsistency of 4-satellite solutions, having average errors of
760 m, 500 m, and 2,000 m.

For those solutions which were overdetermined (involving
≥5 detections), the resulting curvature matrices were also cal-
culated and inverted as an alternative method of approximating
each coordinate’s error and saving on computation time as
described in [37], [36]. However, these are a metric of array
geometry and instrumental errors, ignoring ionospheric effects
and resulting in plots nearly identical to those with 5 vTEC
in Figure 6. For this study, it was perfectly feasible to use
the more thorough statistical RMS location errors above to
illustrate all sources of uncertainty.

B. Ionospheric effects

Figure 6 shows the resulting errors of the 6-satellite config-
uration under varying ionospheric conditions of 5, 30, and
60 vTEC values. Empirically, the 5 vTEC solutions are a
good visualization of purely geometric effects with negli-
gible ionospheric influence. Namely, gradients in horizontal

accuracy are oriented along their respective coordinates while
vertical accuracy remains nearly flat. With increasing vTEC,
these patterns are warped by the effect of dispersion on signal
arrival times. At 60 vTEC, the geolocation algorithm fails
to converge on many source locations, particularly beneath
satellite positions. Including higher-order corrections in the
dechirping algorithm would improve overall accuracy and
convergence rate. Interestingly, if the instrumental timing error
is relaxed from 100 to 500 ns as in the bottom row of
Figure 6, the first-order-corrected arrival times are usually
dithered enough to determine source locations that otherwise
failed to converge, albeit with poor accuracy. The plots of
this bottom row using 500 ns are not a direct comparison
to those above, but they nevertheless demonstrate that the
geolocation algorithm can be adapted to improve convergence
rates over regions with high ionospheric electron density and
still determine at least horizontal coordinates with <1 km
resolution.

As expected, quantitative RMS errors were significantly
lower for 5 vTEC than the 30 vTEC solutions above: 85 m,
113 m, and 292 m for their respective x′, y′, and z coordinates.
Relative to mid-latitudes, 60 vTEC represents an atypically
high ionospheric density, resulting in mostly failed solutions.
Those that converged had average errors of 610 m, 870 m, and
2,400 m, outside the 1–2 km range for reliably determining
charge structure. When 60-vTEC simulations were run with
higher timing uncertainty, convergence rates recovered but
resulted in slightly higher average errors of 720 m, 870 m,
and 2,700 m. Only 28% of the area analyzed produced source
solutions with < 2 km 3D resolution (approx. 100,000 km2

or 360 km swath width).
Again, note that these vTEC samples represent low to high

ionospheric conditions of this mid-latitude region, but don’t
cover the high peaks close to the magnetic equator where RF-
based geolocation becomes increasingly difficult. Conversely,
better accuracy and reliability would be expected at night and
high latitudes where vTEC values remain below 10–20 TECU
for extended periods of time.

IV. CONCLUSION

Together, the results above demonstrate the feasibility of
geolocating lightning sources using RF-only TOA methods
with <1–2 km RMS error in all three spatial dimensions across
large swaths of the globe. The 3D geolocation accuracy from
this LEO simulation varies with latitude and is sensitive to
the number and relative configuration of the satellites within
the constellation (i.e., geometry) as well as the ionospheric
variability. At mid-latitudes and for an ionosphere character-
ized by an electron density of 30 vTEC, we find 5 satellites are
sufficient to achieve <2 km RMS error in VHF source altitude
over 525 km swaths under the constellation. This coverage
increases by at least 12% at mid-latitudes with an additional
satellite. Source locations at this resolution are sufficient
for mapping 3D flash locations and cloud charge structures.
These potential measurements can support meteorological
and hydrological studies by monitoring vertical wind motion,
precipitation, and intensification of thunderstorms [3], [6], [7],
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[11]. Even finer vertical resolution (<1 km) is achievable for
a smaller region within this swath (∼50% with 5 satellites),
which suggests that mapping small-scale flash structure is a
possibility. In addition to its value in isolating updraft regions
within convective storms (e.g., [65]), this level of resolution
would facilitate a more robust depiction of LNOx production
(e.g., [35]) on a global scale. That being said, mapping flash
channel and charge structure accurately requires detecting
enough VHF sources throughout flash development. Further
study is necessary to determine the sensitivity of such an
instrument. The subject is already being explored and may
provide insight on the amount and types of lower-power VHF
emissions that would be detectable from LEO [66]. Even
under conditions where mapping channel structure with 1 km
accuracy is not possible, the coarser VHF source altitude can
still yield estimates of LNOx profiles with sufficient resolution
to constrain chemical transport models (e.g., [67]).

The relative arrangement of VHF receivers in LEO affects
both the size and shape of high-resolution coverage, similar
to an LMA network (e.g., [68]). Unlike LMAs however, the
effective 3D coverage of a satellite constellation is not constant
and varies with latitude. The spacing between satellites in each
orbit can be altered to reduce symmetry and improve the TOA
algorithm’s consistency. Optimizing constellation formation is
non-trivial, and special care should therefore be taken to ensure
geolocation fidelity throughout the chosen orbit.

Ionospheric effects are shown to be the main contributors to
average geolocation error and consistency. The 3D retrievals
are most accurate when electron density is low (e.g., at
night or during solar minimum), but lose reliability over
medium to high TEC values. Results of Section II-C show
that an increase from 30 to 60 vTEC effectively reduces
the coverage of <2 km resolution by nearly 72%. During
these conditions, the geolocation algorithm begins failing to
converge on solutions, though considering higher-order effects
in the dechirping process (e.g., magnetic field orientation with
respect to direction of wave propagation) would improve this
performance overall. Results presented in Section II-C also
suggest that instrumental timing error could be artificially
relaxed to increase convergence rates during high-TEC condi-
tions and retain 2D horizontal accuracy better than 1 km.

Lightning has now been classified as an essential climate
variable by the World Meteorological Organization [69] and
needs to be a focus in the coming decade to complement
and support the future of atmospheric science missions like
the Atmospheric Observing System (AOS) and Investigation
of Convective Updrafts (INCUS). Even so, the Lightning
Imaging Sensor (LIS) has been removed from the International
Space Station in late 2023, leaving a gap in meteorological
observation that can and should be filled by instruments
that can expand our current capabilities. For example, the
advantages of this VHF-only detection method are not only
its reliable altitude determination, but also its potential to
map out lightning flash structure regardless of cloud cover
or visibility, an advantage typically reserved for ground-based
arrays with small areas of coverage. In addition to lowering
the necessary number of satellites for TOA geolocation by
constraining horizontal flash locations, and as noted by [70],

complementary on-board optical imagers would grant further
insight and capture a more complete picture of lightning activ-
ity. In essence, an orbital, TOA-based method of 3D lightning
mapping would unlock a treasure trove of information needed
to improve our understanding of global thunderstorms and
their effects on the surrounding environment.
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