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A B S T R A C T

Real-time measurements of lightning locations can improve flight safety by providing aircraft operators with
valuable information about nearby weather conditions. Lightning warnings can be especially valuable when
piloting aircraft that are more susceptible to a direct strike such as electric aircraft, hydrogen-powered aircraft,
and even UAVs with composite skins. At best, weather updates are broadcast from weather services every 2.5 to 5
mins, but it’s not uncommon for an intermittent connection to cause service stability issues. Therefore, an
aircraft-mounted lightning mapper might be the most practical source of real-time lightning information for
pilots. This work investigates the in-flight performance of the aircraft-mounted Stormscope Weather Mapping
System (WX-500 Series 2) through comparisons to the Houston Lightning Mapping Array, National Lightning
Detection Network, and the GOES - Geostationary Lightning Mapper. Measurements from two thunderstorms
near Houston, TX, yielded WX-500 detection efficiencies of 33 % and 42 % for intracloud flashes, 75 % and 64 %
for cloud to ground flashes, and 53 % and 79 % for total flashes. The WX-500 bearing measurement was accurate
to within ±14◦ (σ), which improved to ±4◦ when integration time was increased from 2 to 30 s and clear outliers
were ignored. The WX-500 range measurement was overestimated by an average of +74 km (±50 km) when the
average true flash distance was 94 km. The WX-500 accurately depicted the boundary of lightning activity at an
integration time of 1 min which is sufficient for the circumnavigation of thunderstorms.

1. Introduction

Lightning poses a significant risk to aircraft safety, especially as the
aviation industry transitions from conventional to hybrid, electric, and
composite material aircraft [1–4]. Everyday aerial activities like per-
sonal or public transportation and the delivery of goods will become
increasingly dependent upon vehicles like remotely piloted aircraft
systems (RPAS), unmanned aerial vehicles (UAVs), and vertical take-off
and landing aircraft (VTOLs). Innovative electric and hydrogen aircraft
are uniquely vulnerable to direct lightning strikes and will require
rigorous certification and flight operation standards to prevent signifi-
cant damage from a direct lightning strike. Incidents in which lightning
penetrates through the skin of conventional aircraft are indicative of the

challenges associated with developing and testing safety standards that
protect against unpredictable and violent atmospheric electrical dis-
charges [5,6]. In addition to electrical discharges, lightning-producing
clouds may exhibit strong wind shear, powerful convective updrafts,
heavy precipitation, and an abundance of ice hydrometeors which
should be avoided for a safe and comfortable flight [7,8]. An
aircraft-mounted, real-time, lightning mapper can be an extremely
effective navigational tool for detecting and avoiding electrically active
clouds thereby reducing the risk of a direct strike and experiencing
dangerous flight conditions.

Given that pilots rely on their personal interpretation of radar
products from on-board weather radar, additional information about
lightning type, location, and flash rate, can help to infer different cloud
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processes and gain a more complete understanding of weather condi-
tions. Access to weather and lightning data streams is available through
paid subscription services like SiriusXM Aviation which has an industry
leading update rate of (at best) 2.5 mins, or through free services like
ADS-B which updates every 5 mins [9]. These streaming services are
convenient and very useful, but they require a stable uplink connection,
and their availability is limited to select regions which makes themmore
valuable for flight planning than in-flight navigation (e.g., SiriusXM
Aviation coverage is limited to the CONUS and Southern Canada). For
instance, an individual thunderstorm cell can be on the order of 15 km in
diameter with an average lifetime of 30 to 60 mins and a commercial
turbofan aircraft travelling at 200 m/s can cover roughly 34 km
in-between weather updates that refresh every 2.5 min [10]. The
airborne lightning mapper will show lightning locations in real-time
allowing pilots to make important navigational decisions without the
hesitation of waiting for the next weather update.

The airborne lightning mapper is a compact and lightweight cross-
loop antenna mounted to the outer surface of an aircraft whose data is
processed by an on-board processing unit that maps lightning activity
relative to aircraft position and heading on a flight deck display. The
Stormscope is claimed to be the most popular lightning mapper for the
general aviation market having sold over 80,000 units as of 2019 [11].
Other commercially available systems include the LSZ-850/860 [12],
the Insight Strikefinder [13] and the Avidyne TWX670. Airborne light-
ning mappers are particularly popular in areas known to have frequent
and intense thunderstorms (e.g., the coastal areas of Florida) and can be
the only source of on-board weather data on aircraft without a bulky
forward-facing radar system. While the benefits of real-time lightning
measurements are clear, widespread commercial use of the airborne
lightning mapper likely stalled because early models were qualitative
and imprecise during a time when doppler weather radar technology
was being developed for thunderstorm identification (circa 1980s) [14],
and the National Lightning Detection Network was providing lightning
strike locations over North America to within 10 km (circa 1988) [15].

The literature on airborne lightning mappers that include in-flight
data is limited to government reports from the 1980s, investigating
the original Ryan Stormscope or the original LSZ-850 (See S.I. Table 1
for literature summary). The literature shows how individual strikes
measured by the Ryan Stormscope align poorly with the flashes
measured by the ground-based lightning mapping networks [16].
Furthermore, Ryan Stormscope detections were typically poorly clus-
tered and dispersed significantly in the radial direction and slightly in
the bearing direction [16,17]. Since these findings were published,
newer models, such as the WX-500, have been developed to include
advanced signal processing techniques and strike clustering algorithms.
For instance, the WX-500 storm cell detection algorithm called “Cell
mode” modifies the original location of individual strikes and clusters
them around the expected thunderstorm cell location. Although the
WX-500 is claimed to have several additional upgrades over its pre-
decessors (e.g., see end of S.I. Section 3) there is no quantitative analysis
of its performance beyond the limited information provided by the
original manufacturer.

This study aims to fill the gap in the literature on the modern
airborne lightning mapper by investigating the in-flight performance of
the aircraft-mounted Stormscope Weather Mapping System (WX-500
Series 2). A WX-500 was installed on the Convair-580 research aircraft
owned and operated by the National Research Council of Canada (NRC)
[18] during the Experiment of Sea Breeze Convection, Aerosols, Pre-
cipitation, and Environment (ESCAPE) [19] campaign in Houston,
Texas, which targeted and observed convective updrafts (up to 30 m/s)
and ran from May to June in 2022. This work investigates the only two
flights with significant thunderstorm activity during the campaign and
compares the WX-500 to collocated lightning measurements from the
Houston Lightning Mapping Array, National Lightning Detection
Network, and the GOES - Geostationary Lightning Mapper. The objec-
tives of this work include: i) estimate the WX-500 detection efficiency

for different flash types; ii) review WX-500 flash rate and factors that
affect lightning detection; iii) estimate WX-500 bearing and range ac-
curacy; iv) investigate bearing span and how it can be used as a navi-
gational aid; and v) identify future work that can improve upon the
deficiencies of the modern airborne lightning mapper.

2. Methods

2.1. Lightning mappers

The WX-500 consists of an antenna, processor unit, and display. The
WX-500 antenna is a NY-163 flat-pack antenna (P/N 805–10,930–001)
that was mounted to the belly of the NRC Convair-580, along its
centerline and 14.2 m back from the nose. The exact mounting location
of the WX-500 antenna is shown in S.I. Fig. 1. The WX-500 antenna
measures the electromagnetic pulse-like signal emitted from a lightning
discharge using two orthogonal loop antennas and a ’sense’ antenna to
account for 180-degree ambiguity inherent to this type of measurement
[16]. The WX-500 calculates the range (distance to signal origin) and
bearing (azimuth of signal origin relative to aircraft heading) of light-
ning activity using single-station magnetic direction-finding (DF) tech-
niques (see S.I. Section 3 for more details). The WX-500 is sensitive to
VLF signals with an estimated working range of at least 3 to 120 KHz
[20,21]. The WX-500 can detect lightning up to 370 km in all directions
[22]. The WX-500 processor (P/N 805–11,500–001) was located inside
the fuselage and an Apollo MX20 multi-function display located on the
flight deck displayed the processed data.

The WX-500 does not distinguish between when a waveform is
produced by a lightning ‘event’ or ‘flash’ (events are the many discrete
discharges that make up a flash). Therefore, an individual WX-500 data
point is a general measurement of lightning activity and for simplicity is
referred to as a “strike”. A WX-500 strike cannot be directly linked to a
single event, nor can it be directly linked to a single flash when two
flashes have occurred. All WX-500 strikes are processed and reported at
2 s intervals. Each report that was sent by the WX-500 processor to the
multi-function display was also recorded by the NRC Convair-580 data
logger, which tagged the report with the time it was received.

The Houston Lightning Mapping Array (HLMA) is a ground network
of more than twelve VHF sensors (60 to 66 MHz) located in and around
the Greater Houston Area. The HLMA maps the 3-D location (i.e., lati-
tude, longitude, altitude) of lightning channels in real-time using time of
arrival (TOA) geolocation and provides estimates of flash-level proper-
ties like power and volume [23]. The HLMA detects nearly 90 % of
flashes within a 300 km radius of its centroid location (29.76◦N,
95.37◦W) [23,24]. The HLMA can measure individual lightning events
with a temporal accuracy of ±25 ns [25] and spatial accuracy within
±20m [23,26]. Flash data from the HLMA collected during ESCAPE [24,
27] are used as the ground truth measurement of total lightning activity.
While the HLMA excels at mapping lightning channels through the at-
mosphere, it cannot easily identify the type of flash that was emitted.

The National Lightning Detection Network (NLDN) is a ground
network with over one-hundred-and-fourteen LS7002 sensors spread
across North America which monitor lightning activity in real-time over
Canada and the United States [28,29]. The network uses a combination
of DF (like theWX-500) and TOA techniques tomap lightning discharges
in 2D with an expected accuracy of between 200 and 300 m in the
interior network [28]. This uncertainty is roughly equivalent to 0.2◦ of
bearing error when measuring a flash from around 100 km away using a
single-station sensor like the WX-500. The NLDN can differentiate be-
tween the return strokes that define a cloud to ground flash (CG flash)
and the atmospheric discharges that define an intracloud flash (IC flash).
The NLDN classification accuracy for CG flashes is estimated to be 96 %
(i.e., 4 % of return strokes are misclassified as IC discharges) [30]. The
NLDN detection efficiency was estimated to be between 30 % and 58 %
for pure IC flashes [29] and upwards of 92 % to 94 % for CG flashes [30,
31]. Return strokes identified by NLDN data were used to classify HLMA
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and GOES-GLM data as either CG or IC flashes.
The Geostationary Operational Environmental Satellite (GOES-16)

includes a Geostationary Lightning Mapper (GLM), an optical camera
that measures the line-of-sight intensity of lightning emission at a
wavelength of 777 nm [32]. The GOES-GLM has a frame rate of 2 ms and
a 2D spatial mapping accuracy of<8 km over North America [32]. Since
the GOES-GLM is an optical measurement and the ground networks
measure radio frequencies, they do not necessarily detect the same
components of a lightning flash [33]. However, the GOES-GLM was
determined to detect 87 % of CG flashes that were coincidently
measured by the lightning mapping array at Kennedy Space Center and
by the NLDN [33]. Moreover, the GOES-GLM detects up to 40 % of small
and short-duration flashes and upwards of 95 % for strong and
long-duration flashes [33]. Data from the GOES-GLM [34] are primarily
used to determine overlap between the coverage areas of the WX-500
and HLMA and are carefully used for WX-500 validation in the
absence of HLMA data.

2.2. Data acquisition during the ESCAPE campaign

Airborne lightning data were collected during the ESCAPE campaign
by the NRC Convair-580 research aircraft, which was also tasked with
measuring several different properties of convective clouds. Potential
storms were selected for measurement based on their forecasted devel-
opment of strong convective conditions. Flight objectives were met
though continuous in-flight navigation based on real-time storm devel-
opment. In June of 2022, two unique thunderstorms near Houston,
Texas were measured. This section describes the aspects of the flights
that are relevant to the collection of airborne lightning data and includes
a map of the NRC Convair-580 flight path, altitude, and the flash dis-
tances. WX-500 data were collected continuously throughout the dura-
tion of each flight.

The ESCAPE Convair-580 Flight 4 (hereafter CRF4) occurred on June
4th, 2022 between 19:00 and 23:00 UTC and measured the lightning
produced by a convective storm system that formed to the west of the
Greater Houston Area and about 93 km inland from the coast. The storm
developed rapidly around 19:00 UTC and grew towards the coastline

until dissipating around 02:00 UTC (~7 hrs total duration). The NRC
Convair-580 was airborne for four hours sampling the atmospheric
conditions in and around the storm. Fig. 1b shows the spatial distribu-
tion of flashes around the aircraft relative to its flight pattern. Several
electrically active cells <10 km wide with relatively low flash produc-
tion were scattered to the north / east of the aircraft’s flight path (S.I.
Fig. 2 shows four examples of the spatial distribution of flashes around
the aircraft throughout CRF4). The flight path was dominated by long,
straight passes that were oriented normal to the main storm system and
spiral maneuvers that were used to change altitude. The WX-500
detection range encircles ~92 %, and the HLMA encircles ~85 % of
the flashes detected by GOES-GLM which has widespread coverage
beyond the area of interest. These near equivalent coverages permit the
direct comparison of the WX-500 to the HLMA, which is valuable
because the HLMA network has superior location accuracy and detection
efficiency.

The HLMA detected 22,152 flashes within range of the WX-500.
Relative to the NRC Convair-580 heading at the time of measurement,
fifty-seven percent of the flashes had a bearing angle direction that fell
within the front quadrant (315◦ to 45◦) or rear quadrant (135◦ to 225◦)
of the aircraft. Ninety percent of flashes occurred between the distances
of 43 km and 167 km from the aircraft, with an average distance of 94
km.

The ESCAPE Convair-580 Flight 12 (hereafter CRF12) took place
between 20:46 UTC on June 16th and 00:41 UTC on June 17th and
collected data along the western boundary of the storm that produced
substantial and widespread lightning over a large area to the east of
Houston. The flight path in Fig. 2b was dominated by short passes ori-
ented in all directions and by spiral maneuvers. Fig. 2b shows how
flashes were mostly contained within north-east / south-east quadrant
relative to the average location (see S.I. Fig. 3 for four examples of the
spatial distribution of flashes around the aircraft throughout CRF12).
Fig. 2b also shows that WX-500 and HLMA coverage areas do not fully
overlap during CRF12. Approximately 40 % of flashes that were within
range of the WX-500 were outside the range of the HLMA. Therefore, the
GOES-GLM must be used in place of the HLMA to analyze WX-500
performance (when applicable).

Fig. 1. Plots of CRF4 data showing the: (a) distribution of lightning flashes in the longitudinal direction; (b) map of lightning flashes and NRC Convair-580 flight path
from 19:00 to 23:00 UTC on June 4th; (c) distribution of lightning flashes in the latitudinal direction; and (d) distribution of lightning flashes (red) and NRC Convair-
580 (yellow) in the vertical direction.
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The GOES-GLM detected 27,672 flashes within range of the WX-500.
Relative to the NRC Convair-580 heading at the time of measurement,
forty-seven percent of the flashes had a bearing angle direction that fell
within the front or rear quadrants of the aircraft. Ninety percent of the
detectable GOES-GLM flashes were within 35 km to 363 km of the NRC
Convair-580, with a mean flash distance of 250 km (the distribution is
skewed towards shorter distances).

2.3. Data preparation and analysis

The authors did not have access to raw or intermediate data products
because the algorithm used by the WX-500 to process waveforms is
proprietary. The general description of WX-500 signal processing is
presented in S.I. Section 3 was gleaned from U.S. Patents 5295,071,
5295,072, and 5537,318, which were assigned to the WX-500 manu-
facturer prior to its initial release date [20,21,35]. S.I. Section 3 de-
scribes how the WX-500: i) processes a measured signal; ii) calculates
the range and bearing of the signal’s origin for “Strike mode”; and iii)
clusters Strike Mode data points by modifying their range to reduce
radial spread and to better indicate the expected location of thunder-
storm cells to produce “Cell mode” data. Section S.I. 4 describes how
measurements were corrected for site error which is a function of an-
tenna location and aircraft shape [36]. Unless otherwise stated, the re-
sults in this study were obtained using Cell mode data.

To standardize lightning data for analysis, individual flashes from
the HLMA / GOES-GLM and the CG flashes from the NLDN were binned
based on their mean flash times to align with the 2 s wide ‘lightning-
bins’ of the WX-500. All flashes within a lightning-bin were re-tagged
with the time defined by the right bin edge. When higher integration
times were considered, all data were re-processed using wider lightning-
bins (e.g., 30, 60, 120, and 300-s). In the context of this work, integra-
tion time refers to the interval of time in which data is allowed to
continuously populate the flight deck display before the pilot chooses to
manually clear the display. Clearing the display regularly allows the
pilot to more clearly observe real-time lightning locations and flash rate
trends.

To obtain estimates for detection efficiency (i.e., the ability to detect
IC and CG flashes) all lightning-bins with at least one flash were

classified by flash type (HLMA flashes were used for CRF4 and GOES-
GLM flashes for CRF12). A lightning-bin was classified as having a CG
flash if a coincident return stroke was detected by the NLDN, and as
having only IC flashes otherwise. A classified lightning-bin that con-
tained at least one WX-500 strike was considered a successful detection.
Lightning-bins are classified this way because the WX-500 is most likely
to proceed with processing a relatively high intensity signal emitted by a
CG flash when an IC and CG flash occurs together. To compare trends in
the detection-count over time (i.e., the flash rate) for each lightning
mapper, the number of detections per lightning-bin were smoothed
using the LOESSmethod with a span factor of 0.05 [37] and the resulting
curves were normalized. Data from CRF4 and CRF12 were used in this
analysis.

To investigate the accuracy of lightning locations, bearing and range
of the centroid lightning position was calculated for each 2-s lightning-
bin. A geospatial filter was applied to ensure that all flashes within a
lightning-bin had originated from roughly the same location (i.e., a
single storm cell), rather than multiple different locations around the
aircraft (i.e., frommultiple storm cells). This ensures that centroids were
not calculated when, e.g., flashes are produced by two storm cells
positioned on opposite sides of the aircraft. The filter eliminated any
lightning-bin which contained an HLMA flash that was spread more than
30 km away from the centroid (the average distance from the centroid is
called ‘centroid distance’). The filter also eliminated any lightning-bin
that contained less than two WX-500 strikes to reduce the chance of
including an erroneous measurement that could have been produced by
noise. Since high spatial accuracy is required for this analysis, only the
data from CRF4 were used to compare the WX-500 to the HLMA. All
variance is reported at 1σ.

Bearing span was used to demonstrate how the WX-500 can accu-
rately capture the range of headings that bound lightning activity to help
circumnavigate a thunderstorm. The bearing span is the angular dif-
ference between the max and min bearing of WX-500 strikes or HLMA /
GOES-GLM flashes. Bearing span is calculated for each lightning-bin.
GOES-GLM data was included in this analysis despite its limited
spatial accuracy because the purpose of bearing span is to depict the
general region that contains lightning activity.

Fig. 2. Plots of CRF12 data showing the: (a) distribution of lightning flashes in the longitudinal direction; (b) map of lightning flashes and Convair-580 flight path
from 20:46 to 00:41 UTC on June 16 - 17th; (c) distribution of lightning flashes in the latitudinal direction; and (d) distribution of lightning flashes (red) and Convair-
580 (yellow) in the vertical direction.
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3. Results and discussion

3.1. Lightning detection

3.1.1. Detection efficiency
Table 1 shows the WX-500 detection efficiencies that were measured

during CRF4 and CRF12. TheWX-500 successfully detected the presence
of lightning on more than half of occasions which is demonstrated by the
total flash detection efficiency of 53 % and 59 % for CRF4 and CRF12,
respectively. As was expected, the WX-500 was much better at detecting
lightning given the opportunity to measure a CG flash. The detection
efficiency for lightning-bins with a CG flash was 42 % and 22 % greater
than without, for CRF4 and CRF12, respectively. Intracloud flashes are
more difficult for the WX-500 to detect for several reasons including
how: i) their emission peaks at a relatively high frequencies (VFH range)
and relative low signal amplitude; ii) they can discharge at high altitudes
(and therefore farther distances); and iii) their lightning channels can be
non-vertical and follow long meandering routes through the atmosphere
(leading to a convoluted waveform that lacks a strong, distinct feature).
On the other hand, CG flashes are detected more often because they emit
a relatively strong signal and, since lightning channel is linear and
vertically oriented especially near the earth’s surface, they generate a
more consistent and distinct waveform that aids in signal processing
[38].

Table 1 shows the WX-500 detection efficiency for IC flashes was
relatively low at 33 % and 42 % for CRF4 and CRF12, respectively.
Failing to detect IC flashes on more than half of occasions can be con-
cerning for several reasons including how IC flashes: i) are not always
accompanied by a CG flash which had detection rates of 75 % and 64 %
for CRF4 and CRF12, respectively; ii) can occur several kilometers away
from CG flashes; iii) can occur at rates of 2 × to 10 × that of CG dis-
charges [39–41]; and iv) pose a direct threat to airborne operations. This
demonstrates why it is important to further improve WX-500 perfor-
mance. On the other hand, comparisons to NLDN performance show that
detecting every IC flash is not essential to constitute an informative
lightning mapper. The NLDN has been providing comprehensive light-
ning data for over 40 years while operating with an estimated IC flash
detection efficiency between 16 % to 38 % before network upgrades in
2013 added TOA processing techniques [42] that improved levels to
between 30 % to 58 %. Therefore, simply detecting that lightning is
nearby, or providing an accurate trend of lightning production, can be an
adequate warning of lighitng activity. This is discussed further in Section
3.1.2.

The results in Table 1 agree well across flights given how the
detection efficiencies for IC, CG, and total flashes differ by no more than
11 %. Some disagreement across flight test results is always expected
since no two thunderstorms are the same (i.e., the distribution of flash
powers and the spatial distribution of flashes relative to the aircraft
location will always be unique). The use of two different detection
methods as sources for validation datasets also contributes to this
disagreement and is a likely explanation for the slight improvement in
the detection efficiency of IC and total flashes observed during CRF12.
The WX-500 is expected to agree more closely with GOES-GLM because
both instruments tend to capture the most powerful flashes, or in other
words, the flashes with larger peak currents that produce hotter and

brighter channels that are more visible to the satellite [33]. Given how
influential certain factors can be on the detection efficiency (e.g., flash
power, distance, type), the general agreement across Table 1 suggests
these results might apply reasonably well to the average WX-500
thunderstorm measurement.

3.1.2. Flash rate
Fig. 3a shows the smoothed and normalized flash rate curves from

CRF4. Although the first WX-500 detections were slightly delayed (by 3
mins and 44 s after the first HLMA detection at 19:03:01 UTC), results in
Fig. 3a show the WX-500 flash rate tracks well with the other mea-
surements, providing adequate warning of lightning activity throughout
the entire flight. The WX-500 was able to capture the gradual increase in
flash rate over time, despite only having a total detection efficiency of
around 50 %, because the temporal distribution of flashes that went
undetected were nearly proportional to those that were detected. Since
IC and CG flash distributions were proportional to one another during
CRF4, as demonstrated by the comparable green (CG) and the red curves
(CG + IC) in Fig. 3a, having a poor detection efficiency for IC flashes did
not affect the results. While this may not be the case for every thun-
derstorm, this explains how the WX-500 can capture accurate lightning
trends despite being weakly sensitive to IC flashes.

There were two major departures from the general trend that
occurred at 20:26 and 21:03 UTC and are pointed out by the olive-
colored arrows in Fig. 3a and b. The arrows show how the artificial
surges in flash rate mirror the sudden reductions in flash distance, which
is caused by the NRC Convair-580 heading towards and then turning
away from the active lightning area. Due to the inverse square law, the
WX-500 will become more sensitive to the weaker flashes as the light-
ning draws nearer or the aircraft is approaching a storm cell. The WX-
500 proved capable of detecting flash powers as low as 5e-5 to 1e-4
dBW at 75 to 130 km (individual detections of two CG flashes and one
IC flash), but more WX-500 measurements are needed to further
investigate sensitivity across its working range.While beneficial in terms
of flight safety (because the chances of detecting lightning improve as
the storm approaches), variations in WX-500 sensitivity force pilots to
consider flight track history (relative to the storm location) when using
flash rate trends to infer whether a storm is building, maturing, or
dissipating.

3.2. Lightning mapping

3.2.3. Mapping accuracy
The x-axis in Fig. 4 shows the distribution of WX-500 bearing errors

from CRF4. Results showWX-500 Cell mode was within±14◦ and Strike
mode was within ±17◦ of the true flash bearing, with neither mode
showing any observable bias. Further testing revealed that increasing
the integration time from 2 to 30 s improved the precision of Cell mode
to ±4◦ (n = 62) and Strike mode to ±8◦ (n = 70) when obvious outliers
were ignored (e.g., bearing errors > |50◦|). Using Cell mode, thirty-two
individual CG flashes were measured to within ±7◦ of their true bearing
and seventy-two IC flashes were within ±8◦, respectively. A two sample
F-test for variance was used to compare the error distributions when
measuring the individual IC and CG flashes which determined that flash
type does not have a statistically significant influence on bearing.

Table 1
WX-500 detection efficiency of IC and CG lightning bins considering multi-flash lightning-bins from CRF4 and CRF12.

Flight CRF4 CRF12

Total # of 2-s Detection Windows 6364 (HLMA) 7052 (GOES-GLM)

Bins With ≥1 Flash and ≥1 WX-500 Strike Bins With ≥1 Flash and ≥1 WX-500 Strike

IC 2935 978 (33 %) 1485 616 (42 %)
CG 2537 1944 (75 %) 4382 2814 (64 %)
Total 5472 2922 (53 %) 5840 3430 (59 %)
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Results demonstrating that the WX-500 bearing has a reasonable level of
precision were expected since the original Ryan Stormscope was shown
to have a precision of ±13◦ in the work of Baum and Seymour (1980)
(they analyzed eight individual storm passes lasting upwards of 5 mins
each with no lightning-bin discretization and a cluster filter that
removed outliers [16,43]).

The y-axis in Fig. 4 shows the distribution of WX-500 range errors

from CRF4. Results show that range was consistently overpredicted by
an average of +74 km (±50 km) for Cell mode and +131 km (±53 km)
for Strike mode. Further reducing integration time reduces the variance
between measurements, but does not reduce the overprediction bias of
the instrument below +74 km. This level of bias is considerable given
that the average true flash distance from CRF4 was 94 km. Combining
data from both flights suggest that on average, the WX-500: i)

Fig. 3. Plots of CRF4 data showing the: (a) time-series flash rate curves smoothed using the LOWESS method and a span factor of 0.05; (b) heatmap of flash distance;
c) heatmap of flash altitude; and (d) heatmap of flash energy.

Fig. 4. Scatter plot of CRF4 data showing the WX-500 bearing and range error distributions for Strike mode (left) and Cell mode (right).
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overpredicts when true flash distance is at ¼ full measurement range; ii)
has minimal bias around ½ full measurement range; iii) underpredicts
around ¾ full measurement range; and iv) has large variance across the
entire measurement range. Radial spreading or spoking is a well-known
artifact of the WX-500 because it infers range from measured signal
intensities, which is even depicted in the user manual [22]. The spoking
effect could have been exacerbated during these flights because flash
power was highly variable (e.g., Fig. 3d shows flash energy spanned 5
orders of magnitude during CRF4), and it is possible that potential signal
interference from the many experimental probes and sensors equipped
onboard the NRC Convair-580 could have compounded any measure-
ment errors. Despite these range errors (the possible improvement of
which is discussed in Section 3.3), the WX-500 can still provide accurate
spatial information about lightning activity through bearing span.

3.2.4. Bearing span
Fig. 5a shows a typical example of WX-500 bearing span covering

nearly the entire region of lightning activity over a 2-min interval during
CRF12. Here, the WX-500 boundaries establish the interval of headings
that point towards lightning activity, which is sufficient to circumnav-
igate the storm despite inaccuracies in the radial positioning of strikes.
Fig. 5a, b, and c show how correlation between the WX-500 and GOES-
GLM bearing span improves as integration time grows, up to around 1
min, above which there is little improvement. In practice, pilots should
allow WX-500 data to populate their screen for at least 1 min before
using the lightning boundaries as a navigational aid. Further testing

indicated that when large differences in lightning rate exist between two
distant storm cells (e.g., CRF4, which had stronger activity to the west
and weaker activity to the east), the WX-500 can have difficulty dis-
tinguishing whether the signals from the weak cell are truly flashes or
just noise. Nonetheless, bearing span can provide valuable weather in-
formation to pilots who don’t have access to on-board weather radar and
at better refresh rates than streaming services. Bearing span can help
pilots to locate thunderstorm cells when radar products are not
available.

3.3. Comments on future work

The distribution of data about the y-axis in Fig. 6 shows how Cell
mode data was more tightly clustered than Strike mode during CRF4.
The distribution of data about the x-axis in Fig. 6 shows that the Cell
mode centroid was a more accurate estimate of the true flash centroid
location than Strike mode during CRF4. Since Cell mode is an
improvement over Strike more, but does not completely fix the spoking
errors, there is a clear opportunity to further develop the airborne
lightning mapper. Future work to improve ranging estimates should
consider using a combination of several ranging techniques to estimate
distance including the: i) measured signal intensity; ii) ratio of the
electric and magnetic components; iii) ratio of magnetic components at
multiple frequencies; and iv) intensity of electric components in two
orthogonal planes [44]. Additional single-station ranging techniques
with location errors of less than 10 % could be adapted for airborne use

Fig. 5. Plots of CRF12 data showing: (a) a map of lightning activity over a 2-min interval with graphics that depict bearing span and lightning bounds; and the
correlations between the bearing span of the GOES-GLM and WX-500 for integration times of (b) 2 s, (c) 60 s, and (d) 120 s.
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including the work by Ramachandran et al. (2007) who used the period
and delay from the waveform of the electric field to infer distance [45],
or the work by Koochak and Fraser-Smith (2019) who used the VLF and
ELF components of the electromagnetic signal to infer range [46].

Future work should record raw waveforms along with the collocated
data from a VHF network and the NLDN to develop advanced algorithms
that distinguish between IC and CG flashes and inform pilots as to which
type of flash is nearby. Advanced clustering algorithms that further
reduce the radial spread of individual strikes should also be investigated.
These algorithms should use advanced statistical methods to locate in-
dividual storm cells and should correct the location of older strikes as
more data becomes available. Airborne lightning mappers like the WX-
500 and the Honeywell LSZ-860 simply overlay lightning data onto
existing radar products and advanced radar systems like the RDR-400
Honeywell weather radar [47] claim to predict lightning before it oc-
curs but do not measure it directly. Therefore, future work should fuse
radar data with lightning data to provide a superior radar product that
can clearly identify thunderstorm cells to reduce the cognitive load on
the pilot.

4. Conclusions

A Stormscope Weather Mapping System (WX-500 Series 2) was
installed on the NRC Convair-580 research aircraft and used to measure
lightning activity during the only two thunderstorm flights of the
ESCAPE campaign near Houston, TX, in 2022. The airborne lightning
measurements were collocated with the Houston Lightning Mapping
Array, the National Lightning Detection Network, and the GOES –
Geostationary Lightning Mapper. TheWX-500 had detection efficiencies
of 33 % and 42 % for intracloud flashes, 75 % and 64 % for cloud to
ground flashes, and 53 % and 79 % for total flashes. The bearing di-
rection to lightning activity (relative to aircraft heading) was accurate to
within ±14◦ (σ), which improved to ±4◦ when integration time was
increased from 2 to 30 s and clear outliers were ignored. The range
distance to lightning activity was overestimated by an average of 74 km
(±50 km) during a flight with an average true flash distance of 94 km.
TheWX-500 bearing span was shown to capture the angular boundary of
lightning activity at an integration time of 1 min and provides sufficient
geospatial lightning information to safely circumnavigate a thunder-
storm. Despite the significant bias in the range error of the instrument,
Cell mode helped to reduce the radial ‘spoke’ errors and provides a
general improvement over Strike mode. There is clear opportunity to
further develop the airborne lightning mapper, whether it be improving
the ranging calculation, developing advances statistical clustering
methods, or fusing lightning data with on-board weather radar to pro-
duce a superior radar product.

Nomenclature

ADS–B, Automatic Dependent Surveillance–Broadcast
CG, Cloud to Ground Flash
CONUS, Continental United States
CRF4, ESCAPE Convair Flight 4
CRF12, ESCAPE Convair Flight 12
DF, Magnetic Direction-Finding
ELF, Extremely Low Frequency
ESCAPE, Experiment of Sea Breeze Convection, Aerosols, Precipita-
tion, and Environment
GOES-GLM, Geostationary Operational Environmental Satellite-
Geostationary Lightning Mapper
HLMA, Houston Lightning Mapping Array
IC, Intracloud Flash
NLDN, National Lightning Detection Network
NRC, National Research Council of Canada
RPAS, Remotely Piloted Aircraft Systems
TOA, Time of Arrival
UAV, Unmanned Aerial Vehicles
VHF, Very High Frequency
VLF, Very Low Frequency
VTOL, Vertical Take-Off and Landing aircraft
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