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The observation of lightning from space can have several advantages, including
views of the tops of clouds, that can facilitate the study of in-cloud lightning as
well as the world-wide access provided by the orbital parameters of a satellite.
Given the brief duration of lightning, current space-based lighting monitors are
necessarily complex in order to resolve both the spatial and temporal features of
lighting discharges. Event-based sensors provide a new low-cost way of using a
commercial camera to study lightning from space. The Falcon Neuro mission
comprises two event-based vision sensors attached to the Columbus Module of
the International Space Station. Its mission is to detect lightning and related
electrical discharges in the Earth’s atmosphere. We report here on initial data
collection and analysis of lightning by the United States Air Force Academy and
Western Sydney University.
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1 Introduction

Neuromorphic vision sensors, or event-based sensors, are non-traditional imaging
devices that independently detect changes in contrast at each pixel, emitting these changes
in a high-speed asynchronous manner (Gallego et al., 2020). This allows them to achieve
lower latency and data output and higher dynamic range than conventional frame-based
cameras. These factors enable event-based sensors to perform comparably to high-speed
cameras in certain applications, achieving high-speed data capture with a low data rate and
power consumption. This makes them ideal for on-orbit observations of lightning, objects
in Earth orbit, and background stars.

Observations of lighting from Earth’s orbit, starting as early as the 1970s, have been
conducted across a range of wavelengths (Labrador, 2017), with some of the most recent
observations coming from the Geostationary Lightning Mapper (GLM) that covers the
Americas (Thomas et al., 2004), the Lightning Imager (LI) covering Europe and Africa
(Goodman et al., 2013), and the Lightning Mapper Imager (LMI) covering East and South
East Asia (Yang et al., 2017). These detectors were designed to provide a count of the
number and/or density of lightning strikes, the intensity of their radiant energy, and
sometimes their spectra.

The Falcon Neuro payload comprises the first operational event-based sensors in orbit
(McHarg et al., 2022); it consists of two DAVIS240C sensors (Brandli et al., 2014) that were
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installed on the Columbus module of the International Space Station
in 2022. The Falcon Neuro payload was developed through
collaboration between the United States Air Force Academy and
the International Centre for Neuromorphic Systems (ICNS) at
Western Sydney University. The payload was installed on the
Columbus module on the International Space Station on
11 January 2022 with a guaranteed mission time of 12 months
from first light. The instrument has operated successfully for over
2 years and is still operating at the time of publication.

This study presents recent observations from the Falcon Neuro
instrument to demonstrate the capabilities of an event-based vision
sensor to observe lightning in-orbit and to discuss planned upgrades
to a future Falcon mission. We give examples of lightning detected
with the Falcon Neuro sensors, which have been cross-referenced
with ground-based radio observations.

2 Materials and methods

2.1 Instrumentation

The specifications of the Falcon Neuro optical sensors are shown
below in Table 1. Falcon Neuro is a visible band sensor with no
optical filters. The peak quantum efficiency (QE) for the focal plane
is approximately 7% at 600 nm. This modest QE is a result of the
poor fill factor due to placing the 48 active transistors in each pixel
on the front side of the focal plane. Current neuromorphic vision
sensors have backside illuminated focal planes, with > 90% QE’s
(Taverni et al., 2018). See McHarg et al. (2022) for a comprehensive
description of the hardware and optical systems comprising
Falcon Neuro.

Falcon Neuro comprises two fixed position DAVIS240C
neuromorphic vision sensors, complete with a Fujinon HF2518-
12M-F1.8 25 mm focal length lens. One sensor is pointed towards
the Earth’s (in the direction of the ISS’s trajectory) horizon (ram sensor),
with the other pointing down toward Earth (nadir sensor). Both sensors
are controlled by custom processing hardware developed by ICNS and
built around an Intel Cyclone V SoC field programmable gate array
(FPGA). The Falcon Neuro payload is part of the DoD Space Test
Program STP-H7 mission to the ISS.

The pixels in each sensor are controlled by a set of independent
biases that control factors such as contrast thresholds and refractory
periods. The contrast change events are timestamped with
microsecond resolution by the FPGA controller as soon as they
are emitted from the sensors. The absolute timing of the data is such
that the Neuro timestamp (in UTC) will always be earlier than real
UTC by 1–2 s. The relative timings of the individual events are
performed at the microsecond level, and intervals between detected
lightning flashes from the DAVSI240C sensors were used in
comparison with traditional lightning detection networks to
identify the recorded Neuro lightning flashes.

The DAVIS240C focal planes used in Falcon Neuro are a mixed
analog and digital system. Unlike a traditional framing camera,
every pixel in an EBVS responds individually to changes in the light
level in that pixel. Each pixel contains analog electronics which
provide a fast logarithmic response to the current provided by the
photo receptor, followed by a differencing circuit, and finally a set of
comparators, one for the positive change threshold and one for the
negative threshold. The output of the comparator circuit is collected
by an arbiter circuit through an asynchronous process and emitted
as a list of “events” in the address-event representation (AER)
format. Details are provided in Lichtsteiner et al. (2008).

This list of events is the raw output of the camera. At this level,
there are no “frames” of data as provided by a traditional framing
camera. Subsequent analysis of the data occurs on this list of events
with custom software used to “render” the data.We use two different
“rendering” methods. The first processes the events with fixed time
increments (here 100 ms) using a two-dimensional histogram to
produce a “frame” of data (Gallego et al., 2020). The second method
segments the events in time, estimates the motion of objects in the
data, and uses a clustering algorithm to “offset and co-add” the
events to provide a sharp motion compensated image (Stoffregen
et al., 2019).

In both cases, the “image” provided is an integration over a
variable time width. Due to this unique feature, there is no fixed
frame rate for an EVBS camera. Effectively, the frame rate is set in
the post processing software used to analyze the raw event stream
coming from the camera.

2.2 Data collection

Falcon Neuro science operations on the International Space
Station (ISS) are performed from the Payload Operations Control
Center (POCC) located at the United States Air Force Academy in
Colorado. Operations are coordinated with other experiment groups
on STP-H7 and with the NASA Payload Operations and Integration
Center (POIC) in Alabama. Falcon Neuro is operated during pre-
planned “command windows”, and special windows can be
requested to observe other targets of interest.

A customGUI with an application programming interface to the
NASA Telescience Resource Kit (TReK) command application
transmits instrument commands to Falcon Neuro via the POIC
and the ISS Mission Control Center in Houston.

A typical data acquisition consists of establishing a command
path, configuring the sensor parameters, and beginning a recording,
which typically lasts 1–180 s (effectively limited by the combination
of generated data volume and limited telemetry bandwidth). During

TABLE 1 Specifications of Falcon Neuro sensors.

Wavelength (nm) 400–900

Field of view (°) 10.17 × 7.63

Pixel instantaneous FOV radians/pix 7.4E-4

Array size (pixels) 240 × 180

Pixel size (μm) 18.5 × 18.5

Dynamic range (dB) 120

Dimensions (cm) 10 × 10 × 20

Mass (kg) 5.24

Power (W) 4

Data rate (bits/sec) 921,600

Optic focal length (mm) 25
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the acquisition, the science data is stored onboard Falcon Neuro in
flash memory. Acquisition start times are chosen by operator
judgment depending on the target of interest and are flexible
within the command path latency and human response time
limits (2–3 s); greater precision is not required. Absolute
knowledge of the commanded start of the acquisition is obtained
from the onboard GPS timestamp provided to Falcon Neuro.

Analysis of the total Neuro data set shows an average event rate
(when calculated in 100 ms time bins) of 16,700 events per second,
with a standard deviation of 63,771 events per second. This low
average and large standard deviation are driven by three recordings
made at night over uninhabited areas of the globe with durations of
up to 40 min. These three recordings greatly reduce the average
event rate. If instead we calculate the event rate within each
recording and then calculate a mean and standard deviation
across the 328 datasets, we obtain an average event rate of
53,444 events/sec with a standard deviation of 134,982 events/sec.
The second method “weights” each recording the same, allowing
outliers within the data sets to greatly increase the average event rate
while also increasing the standard deviation.

After the acquisition has finished, the science data is then
packetized and transmitted to the host platform and downloaded
to the NASA Huntsville Payload Operations and Integration Center
(POIC). The POIC acts as a final bent pipe to forward the data to the
Falcon Neuro across the internet, which arrives at the POCC within
a few minutes of completion of the acquisition.

ISS ephemeris and STP-H7 attitude data are downloaded from
the NASA Data Storage and Retrieval System (DSRS) for post-
processing. Falcon Neuro science data is extracted from the
transport layer packets using a MATLAB tool. The data is
assembled into a single HDF5 file for each acquisition that
contains the event data array (time, pixel identifier, and event
polarity) and acquisition metadata. The use of the open
HDF5 file format enables ease of manipulation by a number of
commercial and open software packages.

2.3 Data analysis

In order to quickly and reliably find lightning events in the raw
Falcon Neuro data, a feature finding (FF) algorithm was developed.
This segments the data in time and compares the number of events
in each segment with the number in the other segments. Since
lighting causes an order of magnitude more events in a small time
segment, we use statistical methods to find the lightning events.

To find these high event regions of lightning, a raw dataset from
Falcon Neuro (typically 180 s long) is ingested into the FF algorithm,
and all events with OFF polarities are removed. This leaves a smaller
dataset consisting of the four columns, x, y, polarity, and a
timestamp, where the polarity is always positive. The dataset is
then divided into time-based segments, each 0.1 s in length. For each
of these segments, the total number of events is calculated and
divided by 0.1 to provide a number representing the event rate, or
events per each 0.1 s, er. Then, each event rate value er is compiled
into a vector er and is then summed and divided by the total number
of event rate values to provide an event rate representative of the
complete set ER. The standard deviation σ of er is then calculated.
Finally, each value er is compared to the set event rate ER.

If er≥ 2pσ, then that density “passes”, and the 0.1-s-long region
of data associated with the passed density er is preserved. The 2σ was
experimentally chosen to preserve lightning events and reject false
positives. Any value er of er that does not “pass” is instead rejected
and ignored. Each passed er is paired with all events in the associated
time step, and a frame is created that maps all events in the time
step. The FF algorithm is typically successful in finding lightning.
However, it also finds and records the passage of bright lights on the
surface of the earth, such as city lights. Consequently, it is important
to review all frames created by the FF algorithm. The FF
determination is also sensitive to the noise levels in Falcon
Neuro, so events are considered to be probable lightning events
until they are compared to a second lightning detection system.

If a frame contains probable lightning, we must compare it to a
second lightning detection system to confirm our signal. To establish
geolocation of the Neuro cameras, telemetry data from the ISS is
loaded into Systems Toolkit (STK) along with the appropriate date
and time of the probable lightning. The ground footprint of the ram
and nadir cameras is projected onto a globe using STK, and the
corners of the ground footprint have their coordinates recorded.

When processing ram camera images, the resulting location of
the lighting is less accurate than that of the nadir camera due to the
longer ranges in the ram camera view as well as the fact that the ram
camera has both “on earth” and “off earth” pixels in one frame. The
resulting fields of view of the two Falcon Neuro cameras are shown
in Figure 7 of McHarg et al. (2022).

Lightning strikes seen by the nadir camera can be directly
compared to GLD360 data by overlaying the motion
compensated image on the appropriate region of the earth.
Figure 1 shows the motion compensated image for a pass
recorded on 23 May 2023 at 17:10:24 UT. The top panel of
Figure 1 shows the motion compensated image, which shows the
number of events recorded by Falcon Neuro from 17:10:24 to 17:12:
14. The bottom panel of the image shows a zoom into the motion
compensated recording of two lighting flashes occurring between 17:
10:31 and 17:10:36 UT. The image is shown superimposed over the
Earth at night.

The geo-referencing presented in Figure 1 is imprecise due to
two main factors. Because of a problem with inserting GPS time
into the event stream, we only have the time the command was
sent to record the data, which is time stamped with 1 s intervals.
We attribute the time of the first event to this command
recording time, resulting in uncertainty regarding the absolute
timing of the events to approximately 1–2 s. The second
contributing factor to geo-referencing is the current ISS
orientation we obtain from NASA. This orientation is inserted
into STK along with the measured orientation of the two cameras
with respect to the STP-H7 pallet. The STP-H7 pallet is currently
located on the Columbus module; given the size and possible
flexing of the ISS structure along with the timing uncertainty
mentioned above, we estimate the uncertainty of the geo-
referencing shown in Figure 1 to be approximately 15 km.

The Global Lightning Detection Network (GLD360), operated
by Vaisala, is a long-range network of very low frequency (VLF)
sensors that provide time and location information on individual
lighting lightning flashes (Said and Murphy, 2016). The data from
these ground stations was used to confirm the presence of lightning
in the data from Falcon Neuro.
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A coordinate representing a GLD360 lightning event is placed
directly on the map and compared with the lightning detected in the
motion-compensated image. A GLD360 coordinate anywhere
within a Neuro-detected lightning event at the same time as the
Neuro event is considered confirmation of a lighting detection by
Falcon Neuro.

3 Results

From 21 January 2022 to 25 August 2023, Falcon Neuro
recorded 174 ram and 154 nadir observations. Lightning was
detected in 14 ram and 7 nadir recordings of these recordings.
All lightning detected was obtained in night conditions.

Figure 1 is an example of lightning as seen in the nadir camera.
The camera’s field of view is 73 × 55 km, with an instantaneous per
pixel size of 320 m. The motion-compensated image seen in Figure 1
is effectively integrated in time over the 180 s acquisition. The
resulting motion-compensated image is thus a strip 55 km wide by
approximately 1350 km long. A comparison with GLD360 data is
shown in Figure 2, where the top panel is the motion-compensated
image from Falcon Neuro overlaid onto Google Earth. The four
numbers show the locations of four lighting flashes recorded by
GLD360 during this same period. The bottom panel of Figure 2 is a

time series of the numbers of events in each 100 ms bin from Falcon
Neuro with the times of the four GLD360 lightning flashes
superimposed. Every time GLD360 records a lighting flash,
Falcon Neuro records an increase in the number of events.

The Neuro event time series for GLD360 flash 3 shown in
Figure 2 is 2x104 events. It is interesting to note that Figure 2 shows
spikes in the Neuro event time series larger than this number with no
corresponding GLD360 flash recorded. For each of these increases in
the event time series, Falcon Neuro records a lightning flash while
GLD360 does not record any.

Falcon Neuro routinely detects more lightning flashes than
GLD360. During this pass, Falcon Neuro recorded a total of
28 lighting flashes while GLD360 reported four events within our
field of view. Several factors may cause this discrepancy. In this
case, all four GLD360 flashes were listed as intracloud. We do
not know if the flashes seen in Falcon Neuro are intracloud or
cloud-to-ground. Additionally, this recording is over China, and
the detection efficiency of GLD360 drops off with increasing
range from North America. A comparison of GLD360 with the
space-based TRMM LIS optical transient detector shows a
decrease in the relative detection efficiency (DE) between
TRMM LIS and GLD360. GLD360 detects 52.9% of TRMM
LIS detected groups over North America and detects 22.2% of
TRMM LIS detected groups over Africa (Rudlosky et al., 2017).

FIGURE 1
(A) Motion-compensated image of Falcon Neuro data recorded on 23 May 2023 at 17:10:24 UT. (B) Zoom into the motion compensated image
showing two lightning flashes occurring between 17:10:31 and 17:10:36 UT.
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A relative DE between GLD360 and TRMM LIS was not reported
for China.

As an example of Falcon Neuro’s increased detection capability,
GLD360 records one flash for event 3 on Figure 2 while Falcon
Neuro records five individual flashes over a 700 ms time period.
Individual 40 ms images of these five flashes are shown in Figure 3.
We define a unique flash by requiring that the number of events go

back to the background (effectively less than 1000 events in the
entire frame) before the next flash. These five “reflashes” represent
increases in optical intensity coming out of the cloud as the energy
from different pockets of charge within the cloud are added to the in-
cloud flash.

The ram camera orientation results in a much longer, more
extended field of view on the ground. Depending on the details of the

FIGURE 2
(A) Motion-compensated image of Falcon Neuro data recorded on 23 May 2023 at 17:10:24 UT. Also shown are the locations of four flashes
observed by GLD360 for this period. (B) Time series of the number of events per 100ms from Falcon Neuro for 40 s beginning at 17:10:24 UT. Overlaid are
the times of the four flashes observed in GLD360 during the same period.
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ISS orientation, anywhere between 0 and 70 pixels will be above the
limb of the Earth. Figure 4 below shows the footprint of the ram
camera at the beginning of the pass (at 21:47:38 on 10 March
2022 UT) in blue and the same footprint at the end of the pass 90 s
later. The ISS is located approximately 1,095 km behind the start of
the ram footprint. During the 90 s pass, the ISS travels 869 km. The
total distance on the ground of the ram footprint is 1,402 km. In this
pass, approximately 50–70 pixels are above the limb of the earth.
During this period, Falcon Neuro recorded four lightning flashes,
two of which were detected by GLD360.

Figure 5 has four panels each with a lightning flash recorded by
the Falcon Neuro ram camera on 10 March 2022. The numbers on
the ordinate and abscissa are pixel values; both Falcon Neuro
cameras have 240 × 180 pixels. The integration time for each
panel is 250 ms. GLD360 recorded two lighting flashes in the
same locations at the same general time. The positions of the
GLD360 lightning flashes are shown with colored stars. Red stars
show the GLD360 position when GLD360 matches the time of the
Falcon Neuro flash, while green stars are the GLD360 position when
Falcon Neuro records a flash at that time but GLD360 does not.

The top-left panels of Figure 5 show that Falcon Neuro recorded
a flash 250 ms before GLD360 at 21:48:16 UT on the left side of the
panel, with the center of the flash located at pixel y = 140, x = 10. The
top-right panel of Figure 5 shows this flash intensifying 250 ms later
at the same time as the reported GLD360 flash. The bottom two
panels show a similar pattern a few seconds later at 21:48:23.5 UT.
Now the flash is in a physically different location on the focal plane,
centered at approximately y = 140, x = 140 in the bottom-right panel
and y = 160, x = 140 in the bottom-right panel. The GLD360 strike

aligns most closely in time with the bottom-left panel at 21:48:
23.5 UT. Note the GLD360 position is offset slightly (y = 150, x =
160) from where Falcon Neuro records the flash. Given the good
time alignment, these seem to be the same flash.

4 Discussion

This paper demonstrates the successful on-orbit observations of
lightning with an event-based vision sensor. Lightning detected from
both the nadir and ram cameras in orbit can be confirmed using
ground-based RF sensors, in this case with GLD360 data. The data
presented here reveals that Falcon Neuro detects additional temporal
and spatial detail of lightning compared to ground-based RF detection
systems. As can be seen in Figures 2 and 3, Falcon Neuro recorded a
total of 28 flashes that match four GLD360 reported flashes in terms of
time and location. During this pass, we compared over 3 min and 22 s
(the approximate time it took Falcon Neuro to pass across the area we
compared to GLD360) a total of 290 GLD360 detections, of which
110 were cloud-to-ground (CG) and 180 were intra-cloud (IC). The
four flashes that we matched between Falcon Neuro and
GLD360 shown in Figure 3 were all ICs. The detection efficiency of
GLD360 for ICs are less than for CGs (> 78 % CG, < 22% IC) (Xiao
et al., 2021). Our detection of 28 flashes when GLD 360 observed four
may indicate that the majority of the flashes we saw are ICs. The
majority of the reported GLD360 flashes during this period were
observed along the eastern boundary of the mountain ranges within
the China plateau. This is in general agreement with the distribution of
lighting within China as observed from satellites (Ma et al., 2005).

FIGURE 3
Five individual flashes recorded by Falcon Neuro beginning at 17:10:36.640 UT. Each flash image lasts 40 ms. The time for each flash is shown and
the location of GLD360 flash number 3 from Figure 2 is shown by the yellow triangle or red star. The second Neuro flash that corresponds most closely in
time to GLD360 flash number 3 is shown with a red star. The bottom-right panel is an event time series in 1 ms bins for the 800 ms in consideration.
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One frequent feature repeatably observed is that Falcon Neuro
records multiple flashes in the same cloud within a short period of
time. The example of Figure 3 shows five re-brightening events
within 700 ms. Similar observations are seen in the ram camera.

The multiple flashes seen here in Neuro are similar to Jensen
et al. (2023), who reported K-leaders which retrace a leader path
from a previous discharge. If these K-leaders occur within a cloud, it
is reasonable to expect that the scattered light from the K-leader
illuminates the cloud. Jensen et al. (2023) used bi-static VLF and
report spatial scale sizes of the K-leaders within clouds of a few to
10 km and temporal scales of 100s of ms. These are similar scale sizes
to the examples in Figure 3.

Larger spatial scale sizes of lighting in clouds seen from space
have been recorded by the Geostationary Lightning Mapper (GLM)
on the NOAA Geostationary Operational Environment Satellites
(GOES). GLM is a high-speed lighting event detector that uses
traditional CCD focal planes framing at 500 frames per second.
Differences between frames provide the events, and a sophisticated
clustering algorithm is used to report event locations and times.
GLM uses a narrow band optical filter centered at the oxygen-
plasma emission triplet (777.4 nm) which ensures that the light in
the events reported are from hot lightning leaders (Goodman et al.,

2013). The GLM CCD array has a unique pixel array providing
approximately 8 km resolution over most of the hemisphere in view
of the particular GOES satellite. This field of view increases to
approximately 14 km per pixel at the edges of the earth (Goodman
et al., 2013).

A new clustering method developed by Peterson (2019)
reported statistics for the entire 2018 GLM dataset. On
average, the horizontal length of flashes was found to be
16.3 km (approximately 2 GLM pixels), with the largest
horizontal extent reported at 673 km (Peterson, 2019). The
flash evolution in time was calculated by drawing line
segments between centroids of groups of clusters. Using this
technique, Peterson (2019) reported temporal durations of
approximately 100–700 ms in the largest flashes.

Comparing Falcon Neuro data directly with GLM is difficult due
to the differences in the instruments. Falcon Neuro has no optical
filter but rather gathers light across the visible and near IR spectrum
(roughly 400–900 nm). Pixel resolutions in Falcon Neuro are 300 m
compared to 8 km in GLM. Finally, as discussed above, Falcon
Neuro uses a mixed analog/digital signal chain to produce the
events, while GLM relies on differences between the frames
recorded at 500 fps.

FIGURE 4
Footprint of the ram camera at the start (blue) and end of the pass (red); see text for details. This ram data collection recorded a total of four lightning
flashes, two of which were detected by GLD360.
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Despite these differences, the overall results from Falcon Neuro
compare favorably with GLM. Figure 6 shows the temporal
progression in the centroids of lightning flashes in the same

recording shown in Figure 3. The top-left panel of Figure 6
shows all events during the 360 ms under consideration.
Additionally, the top-left panel has the centroids of flashes color

FIGURE 5
Four lightning flashed recorded with the ram camera on 10 March 2022. The red and green stars denote the position of lighting recorded by
GLD360. The red stars are when the GLD360 time is the same as the Falcon Neuro time, and the green stars are when Falcon Neuro records a lighting
flash at a different time but in the same general location as GLD360.

Frontiers in Remote Sensing frontiersin.org08

McHarg et al. 10.3389/frsen.2024.1436898

https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2024.1436898


coded in time. The panels labeled 1–8 show individual 40 ms
integrations, with the flash centroid the same color as the panel
number. As is evident, in this instance the centroids move in a
roughly counter-clockwise direction during the 360 ms. This
example is very similar to the GLM analysis reported by
Peterson (2019).

The lighting imaging sensor (LIS) on the ISS is of a similar
design to GLM with pixel resolutions of 4–5 km (Mach et al., 2007).
Since both the LIS and Falcon Neuro are mounted on the ISS, they
should look at the same lighting. Efforts are currently underway to
find and compare data sets on the same lighting flashes with the two
instruments.

4.1 Limitations

Several limitations have been identified over the course of the
Falcon Neuro mission. The DAVIS 240C sensors currently onboard
Falcon Neuro are now outdated technology featuring a focal plane with
240 × 180 pixels. Additionally, the analog portion of the circuit is on the
same side of the focal plane as the photodetector, resulting in very low

quantum efficiencies of approximately 7%–8%. Gen4 EBVS now
available from the manufacturer Prophesee has pixel arrays of
1280 × 720 pixels, with quantum efficiencies over 90%.

The current Falcon Neuro was not designed to record lightning.
There is no lightning trigger mode in the software, and the Neuro
hardware has fixed fields of view. In order to record lighting with
Neuro, wemust select times where we are flying over active lightning
areas and hope for the best. Additionally, since Neuro was a tech
demonstration mission, the bandwidth of the instrument to the
ground was limited to 921 kbits/sec. This constraint limited the data
recordings to 1–3 min in length. In a few cases, we experimented
with longer duration recordings while Falcon Neuro was in eclipse.
The two longest recordings were 40 min and 37.21 min respectively.
In these recordings, the overall event rate is approximately
1 megabyte per minute. One recording had lightning and one
recording did not capture any lightning. This experiment
indicates that Falcon Neuro lightning observations are most
useful in case studies such as comparisons with other data sets
rather than worldwide monitoring of lighting.

Confirming the presence and location of lightning with ground
stations from GLD360 is a difficult task, given that there are places

FIGURE 6
Temporal progression of lightning flash centroids over 360 ms; see text for description.
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within the orbital path of the ISS that are not covered by RF ground
stations. Furthermore, those ground stations sometimes do not
capture lighting due to technical issues, such as WiFi
disconnections at the ground station. Future work comparing
Neuro recordings of lightning with those from the NASA LIS
instrument on the ISS should prove fruitful.

4.2 Falcon ODIN: a new mission

After identifying potential improvements to a system, and
further improvements in EBVS technology, a new mission was
devised by ICNS and USAFA to build a better version of Falcon
Neuro: Falcon ODIN. This will include improved optics with a
306 mm focal length (FL) lens for the nadir camera, giving an 8 m
per pixel resolution and a 50 mm FL lens for the ram camera. The
focal planes are the Prophesee Gen4 EVBS IMX 646 camera
developed in conjunction with Sony. Additionally, the Falcon
ODIN design incorporates an azimuth/elevation (az/el) mirror
system for each camera which allows the field of view of the
ODIN cameras to swing up to 50° in one direction (along the
track for the nadir and vertically for the ram camera) and 10° in the
perpendicular direction.

Two traditional framing CMOS cameras with wide fields of view
are included in Falcon ODIN to provide context when
understanding the EVBS camera data. The context cameras are
IDS U3 cameras modified to survive exposure to the atomic oxygen
environment found at ISS altitudes. The ram context camera has an
8 mm FL Fujinon lens which gives an 80° field of view, while the
nadir context camera uses a 16 mm FL Fujinon lens with a 40° field
of view. The two context cameras have fixed fields of view which
encompass the entire field of regard of the ram and nadir
EVBS cameras.

All four cameras on Falcon ODIN use USB. An industrial grade
Jetson TX2 graphical processor unit (GPU) was selected as a single
board computer to run the four cameras. Using the Jetson GPU
enables the possibility of more advanced software, including possible
scheduling software that allows use during periods when live
commands are not available to the instrument as well as a
lighting trigger developed in conjunction with the lighting data
recorded by Falcon Neuro discussed here. Custom power and
command and data handling boards are incorporated to power
the az/el mirror system as well as pass commands to and data back
from Falcon ODIN.

Falcon ODIN has passed environmental testing and has been
delivered to the DoD Space Test Program (STP) office in Houston
Texas. Integrating into the STP-H10 (Houston 10) mission, it will be
installed on the outside of the ISS in early 2025. STP provides
integration and, in conjunction with NASA, provides operations
support for the STP-H missions.

In addition to the increased spatial resolution, Falcon ODIN will
have significantly increased temporal resolution. Ground based
testing recording using the same focal plane as that in Falcon
ODIN can record lightning details at the 50 micro second level
(equivalent to 20,000 frames per second) (McReynolds et al., 2023).
This increased performance indicates that Falcon ODINmay be able
to make interesting case studies of lightning.

5 Conclusion

Observations of lightning with the sensors in the Falcon Neuro
payload were confirmed using RF ground station data from
GLD360. Lightning recorded in both the ram and nadir cameras
have been correlated in both space and time with the GLD360 data.
Multiple isolated increases in the event rate were detected, consistent
with the optical detection of reoccurring flashes with the clouds.
These may be related to the known propensity of K-leaders
within clouds.

The current Falcon Neuro system provides good signal-to-
noise event-rate time series at the 1 ms cadence and “pseudo-
frame” images at 40 ms cadence. The spatial extent and temporal
progression of centroids of the lightning are consistent with
that seen in other space-based lighting imagers such as
GLM and LIS.

The Falcon ODIN instrument is a follow-on mission to Falcon
Neuro with improved focal planes, optics and traditional framing
context cameras. Falcon ODIN is scheduled to fly to the ISS on the
STP-H10 mission in early 2025. The increased resolution in Falcon
ODIN affords exciting new capabilities to study lighting using
EVBS cameras.
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Included are movies rendered from the two datasets referenced in
this manuscript. The two datasets are 347 referenced as 23-May-2023

17:10:24 China and 10-Mar-2022 21:47:38 Brazil. The 23-May-2023
17:10:24 348 China pass utilized the Nadir camera, and is a downward
looking pass. The 10-Mar-2022 21:47:38 Brazil 349 pass utilized the
Ram camera, and is a forward looking pass. 350 Two movies are
included related to the 23-May-2023 17:10:24 China pass. One movie
is motion 351 compensated, and the other is not. For the movie that is
not motion compensated, the raw data from 352 the camera is
rendered in 0.04 second intervals to produce frames 0.04 seconds
in length. Each frame is 353 presented in a histogram that is 240×180
pixels in dimension, and the movie is played at 25 frames per 354
second to display a rendering of what the Nadir camera actually saw
during the pass. The second movie is 355 motion compensated. To
perform themotion compensation, objects were observed crossing the
FOV of the 356 Nadir camera. The x and y rate of change of these
objects was calculated. Then, frames of 0.04 seconds are 357 once
again produced, but each frames x and y coordinates are offset by the x
and y rate of change relative 358 to time. This produces a tall and wide
frame, where events that occur in the same place are stationary in
Frontiers 13 In review McHarg et al. Running Title 359 the frame. As
lightning flashes occur in the motion compensated movie, red
numbers appear in the frame. 360 These numbers correspond to
the time and location of the strikes detected concurrently by GLD360
in the 361 same manner as figure 2. 362 Similarly to the
uncompensated image, the 10-Mar-2022 21:47:38 Brazil pass was
rendered in 0.04 363 second long frames, and then played back at 25
frames per second. There is no motion compensation 364 applied to
the 10-Mar-2022 21:47:38 Brazil pass. 365 We also include a CSV file
with the event data for each pass; 23-May-2023 17:10:24 China.csv
and 366 10-Mar-2022 21:47:38 Brazil.csv. The CSV files are in AER
format (row,column,polarity,time) where 367 row and column are
integers representing the row and column pixel number for the event.
Polarity is 1 368 (increasing) and 0 (decreasing) while the time is a
running time in seconds from the beginning of the 369 recording.
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