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Abstract Optical lightning measurements from the Lightning Imaging Sensor (LIS) are used to map the
lateral development of lightning flashes and produce statistics that describe their motion through the
electrified cloud. This is accomplished by monitoring the frame-by-frame (group-level) evolution of the
optical signals produced during each flash. While the optical flash properties recorded by LIS gravitate
towards the most exceptional optical signals produced during the flash, group-level data describe the
evolution and lateral development of the flash resulting from physical lightning process that emits enough
light out of the top of the cloud to be detected from orbit. The groups that comprise LIS flashes constitute
examples of complex lateral flash structure that can extend 80 km in length with dozens to hundreds of
visible branches. The lateral development of individual flashes is described in terms of its speed and direction
of motion, whether the development extends the overall length of the flash or reilluminates an existing
segment, and whether it is directed inbound or outbound with respect to the origin. Sixty-five percent of
propagating groups are directed outbound from the origin, 22% extend the length of the flash, and 3–5%
reilluminate an existing branch. LIS flashes are commonly oriented from east to west and develop at speeds
ranging from 104 to 106 m/s, consistent with large-scale leader development. These results provide evidence
that lightning imagers may be used in conjunction with Lightning Mapping Array systems to document
physical lightning phenomena across global domains.

Plain Language Summary Lightning imagers on satellites measure all types of lightning flashes
with a high probability of detection. They can also be used to document the evolution of individual
lightning flashes and examine their lateral structure. This study uses Lightning Imaging Sensor
measurements to identify what level of spatial and temporal development that can be detected by lightning
imagers. We find that orbital lightning sensors observe lateral flash development that is consistent with
physical lightning processes. These results suggest that lightning imagers canmake viable lightningmappers
that can be used to examine lightning physics in flashes across the globe. This is particularly important for
remote regions such as the open ocean where flash development is not observed by other means.

1. Introduction

Lightning is a transient high-current atmospheric phenomenon that radiates across the electromagnetic
spectrum (Uman, 1987). Lightning produces multiple optical and radio frequency pulses as the discharge
extends or retraces the lightning channel. Localizing these signals to geographical coordinates makes it pos-
sible to map the development of a lightning flash in space and time. Radio frequency lightning mapping
techniques, in particular, have changed the way the community views lightning. The American
Meteorological Society Glossary of Meteorology has traditionally defined a lightning discharge as “a series
of electrical processes taking place within one second.” However, lightning flashes have been detected by
regional Lightning Mapping Array (LMA; Rison et al., 1999) networks that last many seconds and extend over
hundreds of kilometers. The World Meteorology Organization recently recognized two LMA flashes with the
longest reported extent at 321 km, and the longest reported duration at 7.74 s (Lang et al., 2017).

The physics and underlying meteorology in these extreme flashes differ significantly from the standard
thunderstorm models that produce typical cloud-to-ground (CG) and intracloud flashes. Flashes that
extend hundreds of kilometers are not solely under the influence of separated pockets of charge within
a single convective cell. Indeed, both extreme flashes in Lang et al. (2017) leave the convective core of
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the parent thunderstorm and propagate laterally deep into the stratiform region. Horizontal propagation
is guided by potential wells, or maxima and minima in the local electric field profile (Coleman et al., 2003).
Unlike the charge structures of convective cells that can be described using a vertical dipole or tripole
model (Williams et al., 1989), stratiform clouds develop a series of horizontally expansive stacked charge
layers of alternating polarity (Lang et al., 2004; Marshall & Rust, 1993; Marshall et al., 2009; Stolzenburg
et al., 1994). These layers result from a combination of the advection of charged ice particles from the
convective core and in situ charging processes within the stratiform region (Ely et al., 2008; Lang &
Rutledge, 2008; Rutledge & MacGorman, 1988; Schuur & Rutledge, 2000). Significant lateral flash develop-
ment is thus a consequence of thunderstorm dynamics and may be used as an indicator of convective
organization and maturity.

Optical lightning measurements provide a different perspective on flash structure than RF networks. Leader
development has been documented using high-speed camera imagery since the 1930s (Schonland et al.,
1935). Modern ground-based camera systems can detect fine structures associated with negative step leader
formation such as space stems and corona streamer filaments (Hill et al., 2011). Detailed high frame rate opti-
cal measurements of the lightning channel are possible so long as the flash is not obscured by clouds or rain-
fall between the lightning strike and the observer.

Satellite lightning imagers, in contrast, detect lightning by measuring changes in cloud top radiance due to
lightning activity. Because theymeasure at the 7774 Å oxygen emission line, they can detect total lightning at
all times of day with a detection efficiency that ranges from ~69% at noon to ~88% at night (Cecil et al., 2014).
Three generations of lightning imagers have been deployed before 2018: the Optical Transient Detector
(Boccippio et al., 2000) on the MicroLab-1 satellite (1995–2000), the Lightning Imaging Sensor (LIS;
Blakeslee et al., 2014; Christian et al., 2000) on both the Tropical Rainfall Measuring Mission (TRMM) satellite
(1997–2015) and the International Space Station (2017 to present), and the Geostationary Lightning Mapper
(GLM; Goodman et al., 2013) on the Geostationary Operational Environmental Satellite 16-series (2016
to present).

Lightning imagers map the evolution of optical energy produced by lightning in space and time at a nominal
500 frames per second. The primary motivations for examining the frame-by-frame evolution of individual
flashes have been to validate independent lightning measurements (Rudlosky et al., 2017) and to identify
important components of the flash such as the return stroke (Koshak, 2010) or continuing currents (Bitzer,
2017). Changes in the extent, position, and radiance of the optical signals are indicative of such physical light-
ning processes, but these signals are modified by scattering in the cloud medium (Peterson, Deierling, et al.,
2017; Thomson & Krider, 1982). Thomas et al. (2000) found an excellent spatiotemporal agreement between
LIS observations and Oklahoma LMA sources for flashes that extended into the upper part of a storm.
Scattering within the cloud through a large optical depth limited detection of the lowest extents of CG dis-
charges, particularly during their earliest development.

Cloud scattering effects provide a unique challenge to the process of mapping lightning flashes from above
with optical sensors. Not only will weak optical signals at cloud top that fall below the instrument background
threshold be excluded but also particularly radiant pulses can illuminate a large area of cloud far beyond the
extent of the flash before or after that point. The largest of these occur near the edges of convective cloud
features where the optical energy escaping the side of the cloud can illuminate the top of a lower cloud deck
(Peterson, Rudlosky, et al., 2017). When mapping optical flashes with optical sensors, it is necessary to distin-
guish between flash developments that result from physical lightning processes—that is, strokes, K-changes,
and leader development—and those that occur due to scattering across the cloud scene. Only the former will
provide useful insights into the scale and speed of flash development.

Though lightning imagers are not able to provide the level of detail and three-dimensional accuracy of regio-
nal line-of-sight LMA systems, the global-scale coverage afforded by orbital platforms makes their lightning
flash extent maps valuable for lightning hazard applications as well as physical lightning research. The verti-
cally integrated two-dimensional LIS and GLM view of lateral flash structure is sufficient for identifying light-
ning that occurs outside of the convective core (Peterson & Liu, 2011) that propagates over significant
horizontal distances—such as the extreme flash cases from Lang et al. (2017)—or that has a complex optical
structure (Peterson & Liu, 2013; Peterson, Rudlosky, et al., 2017). Satellite lightning platforms such as
International Space Station-LIS and GLM provide a means of documenting the evolution of lightning
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offshore—for example, in the eastern Mediterranean, the Pacific Ocean east of Japan, or in hurricanes and
tropical storms—or in land-based regions that lack LMA coverage such as the Congo Basin in Africa.

The present study examines the use of frame-by-frame optical lightning measurements to map the lateral
development of lightning flashes from orbit. LIS measurements are used to establish statistics for the horizon-
tal scale and complexity of optical flashes, the speed at which flashes develop laterally, and their orientation
and direction of motion.

2. Data and Methodology
2.1. The Composition of Optical Flashes

This study leverages the LIS science data set hosted at the Global Hydrology Resource Center to create a data-
base that quantifies flash evolution with time. The LIS grouping algorithms described in Christian et al. (2000)
and Mach et al. (2007) cluster optical lightning signals into features that describe lightning on a number of
scales. The smallest optical lightning feature is the LIS “event.” An event is a single LIS pixel at a given point
in time that exceeds the dynamic background radiance threshold. Contiguous events in the same 2-ms LIS
frame are clustered into “groups” that describe the portions of the LIS field of view that are illuminated by
lightning. Groups that occur close to one another in time and space are then clustered into “flashes” and
nearby flashes are clustered into “area” features that approximate thunderstorms.

The LIS flash features are sufficient for applications that are concerned with whether lightning occurred or
computing the total flash rate, but the LIS groups and events that comprise each flash are needed to describe
the evolutions of individual flashes. Figure 1 shows the components of an example propagating LIS flash. The
plan view of the events (large boxes) and group centroids (small boxes) in the flash is shown in the center of
the figure (Figure 1c) overlaid on a plot of TRMM Visible and Infrared Scanner (VIRS) infrared brightness tem-
peratures. Events and groups are color coded by group number (dark gray: first group; white: last group).
Group centroids are connected to the nearest preceding group to form a skeleton image of the group-level
structure. Cross sections by longitude and latitude are shown above and to the right of the plan view, respec-
tively. The longitude and latitude extent of the LIS groups over the course of the flash is shown in Figures 1b
and 1d. TRMM Precipitation Radar (PR) cross sections through the center of Figure 1c are also shown in
Figures 1a and 1e. Finally, a group area time series is shown below the plan view in Figure 1f.

The blue shaded regions in Figure 1f denote clusters of LIS groups that occur over multiple frames. We define
these features as LIS “series,” and they are meant to describe distinct optical pulses that are separated by
“dark” periods with no groups detected. These features result from physical lightning processes such as pro-
pagation (Peterson, Deierling, et al., 2017) or continuing current (Bitzer, 2017). A series feature is defined as
any collection of groups within the same flash separated in time by no more than 1 LIS frame. A LIS series
may contain a single LIS group (a “singleton” series) or all groups in the flash. For the example in Figure 1,
28 multiple-group series are noted with durations that range from 4 to 65 ms.

2.2. Measuring Flash Extent and Complexity

Figure 1 depicts a stratiform flash that began in the southeast portion of its footprint near the edge of the
convective core (dashed area in Figure 1c). It propagated to the west-by-northwest 83 km into the stratiform
region over the course of 2.2 s. The groups branched out in multiple directions as the flash evolved. A first
glance reveals at least five distinct branches in the group-level structure. The exact number of evident
branches depends on how the group-level skeleton is constructed and which types and scales of lateral
motion should be counted as a “branch.”

We automate flash skeleton creation and branch counting to enable statistical analyses of flash extent and
complexity. Figure 2 isolates the flash skeleton for the case in Figure 1 (thin lines in Figure 1c). “Branches”
are distinguished as uninterrupted line segments between junctions in the skeleton that are at least 1 LIS
pixel in size (~5 km). Skeleton branches in Figure 2 are color coded and numbered. There are 102 in total with
most consisting of 1–2 groups attempting to break away from the main channel (i.e., 4, 8, 17, 55, and 63).
When these junctions occur, two new branches are defined—one for the breakout branch and one for the
continuation of the existing channel. Multiple failed branches occurring close to one another can also cause
a single valid branch to be split in two, increasing the branch count. Thus, while the branch feature counts
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shown in Figure 2 are useful for identifying flashes with complex group-level structures, they are notably
higher than the number obtained by counting manually using human intuition.

The flash skeletons offer an alternative to the LIS-illuminated cloud footprints for estimating the extent of a
given flash. The flash footprint responds to lateral flash development as well as radiative transfer in the sur-
rounding cloud. A large flash with a footprint area in the thousands of square kilometers may be an example
of a propagating flash like the case in Figure 1, or it may be a radiant superbolt with little motion between
groups. Examples of each case are identified and discussed in Peterson, Rudlosky, and Deierling (2017).
The flash skeleton, by contrast, tracks lateral motions between groups regardless of radiance. The size of
the skeleton can be described in terms of the maximum separation of groups, as in Peterson, Deierling,
et al. (2017), the total length of all skeleton branches (total propagation distance) or the area of the convex
hull (CHULL) around the skeleton (white line in Figure 2). Flash footprint and skeleton areas are used to cal-
culate characteristic length scales reported in kilometers. The characteristic length (or characteristic dia-
meter) is defined as the distance across a disk with the same area as the feature in question, while the
characteristic radius is half of the characteristic length.

2.3. Measuring and Classifying Motion Between Groups

Calculating the speed of flash development requires knowledge of the distance between two points along
the lightning channel and the amount of time between the observations. These points do not have to be
from the previous group as long as the origin point remains constant. van der Velde and Montanyà (2013)
calculate leader propagation speeds by plotting the displacement and time of LMA sources from the

Figure 1. An example propagating LIS flash. LIS events (large pixels) and group centroids (small boxes) are color coded in a
grayscale by LIS group number ordered temporally from first light (gray) to last (white). Centroid locations of first and last
light shown as X’s. (a) PR reflectivity longitude-altitude cross section. (b) Longitude extent of LIS groups as a function of
sequential group number. (c) Plan view on top of Visible and Infrared Scanner (VIRS) CH4 10.8 μmbrightness temperatures.
(d) Latitude extent of LIS groups as a function of sequential group number. (e) TRMM PR reflectivity latitude-altitude
cross section. (f) The timing of LIS groups (same grayscale as before) and series (shaded blue), and the temporal evolution of
LIS group area. LIS = Lightning Imaging Sensor; PR = Precipitation Radar.
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latitude and longitude of a detected CG stroke and then fitting lines to clusters of sources that are assumed to
represent distinct channels. Figure 3 applies a similar approach to the LIS group-level data for the flash in
Figure 1, using the first light centroid location as the reference point for the origin of the plot. As in
van der Velde and Montanyà (2013), many groups (circle symbols) cluster along linear features with
average speeds of 1.8 × 105 and 1.1 × 105 m/s, well within the expected range of leader development, and
on the same scale as the values given in the LMA study.

There are two key limitations with LIS compared to the LMA analysis in van der Velde andMontanyà (2013). The
first is that optical sensors like LIS cannot report the polarity of leader development. This information may be
inferred through data fusion with radio frequency observations, however. Second, the comparably low frame
rates of satellite instruments make it difficult to resolve the fastest developing leaders. Leader development at
107 m/s over a distance of 20 km would take place in 2 ms and thus be contained within a single LIS group.

This linear clustering approach is not well suited for an automated analysis of flash velocities because it can-
not account for radial motion. Rather, it only considers the displacement of points from the origin and thus

often leads to clustering of points in different branches. The skeleton from
Figure 2 is plotted in Figure 3 as lines connecting adjoining groups. The
two prominent yellow lines that result in the speed estimates above
designate branch development that extends the length of the flash.
“Extending groups” account for the majority of groups in this flash, but
groups along branches that do not extend the flash (gray lines) can be
noted to the immediate right of the green lines in Figure 3. Most of these
branches are nearly horizontal because they are oriented radially and
terminate nearly as far from the flash origin as they begin. If these connect-
ing lines were not drawn, then the clusters of groups at ~800 ms, from
1,200–1,400 ms or from 1,800–1,900 ms, might be automatically grouped
into a leader.

To avoid this automation issue, we base our measurement of propagation
speed on the distance and reported time between adjoining groups in the
flash skeleton (Figure 2) rather than clusters in the time-distance plots. We
carefully consider which types of groups should be used to make speed
estimates. A notable aspect of LIS flashes is that their durations are mostly
“dark” with groups dispersed sporadically throughout (i.e., Figure 1f). LIS
cannot detect groups when the current flowing through the channel is

Figure 3. The time-distance distribution of groups in the example flash from
Figures 1 and 2. The point of reference for the origin is the centroid of the
first group in the flash. Groups are connected according to the skeleton from
Figure 2. Groups that extend the flash length are marked in yellow. Series are
shaded in blue.

Figure 2. Skeleton image of the group centroids in the flash from Figure 1. Branches along the skeleton are color coded
and numbered. A convex hull is drawn that bounds the groups in the flash skeleton.
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too low or there is a large optical depth of cloud between the emission source and the satellite. Moreover, on
the distance side of the speed calculation, spacecraft motion and scattering in the cloud add uncertainty to
the actual separation between points along the channel. These factors result in a large number of random
motions at slow speeds (<<105 m/s) that add a low bias to the statistics. To address this, we only consider
speeds computed using groups in the same series to ensure that distance measurements are based on a pro-
longed optical pulse.

The flash skeleton is also used to classify the nature of lateral flash development. As in Figure 3, we identify
groups that extend the length of the flash and use the first light centroid location to define whether group
motions are directed inbound or outbound. The orientation of the flash is determined using the major axis
of the flash footprint (i.e., Figure 1c) while the overall direction of flash motion is approximated as the orienta-
tion of the flash skeleton CHULL (i.e., Figure 2). Finally, groups that occur at locations along an existing branch
are classified as “reilluminating.”

2.4. A LIS Flash Evolution Database

Metrics describing LIS flashes and groups are combined into a database that preserves the clustering hierar-
chy on a two-dimensional grid (flash number × group number). The database is built in this way to facilitate
access between parameters that describe flashes overall (i.e., footprint area, propagation distance, and radi-
ance) and detailed group-level metrics (i.e., group latitude, group longitude, time since first light, distance
from previous group in branch, and branch reillumination flag). This database is built to test prototypes for
LIS and GLM metrics that may eventually be useful as operational products. It contains a total of one million
flashes from randomly selected TRMM orbits between 1998 and 2014. Series properties (count, duration,
footprint area, etc.) are defined in a separate database and linked to the flash and group database through
series identification parameters. Algorithmic formulations for all parameters in the flash evolutions database
are provided in the supporting information Tables S1–S5.

3. Results
3.1. LIS Measurements of Optical Flash Extent and Complexity

Multiple methods exist to measure the lateral extent of an optical lightning flash. The standard flash size
metric in the LIS science data set is the flash or group footprint area, which denotes the size of the cloud
region illuminated by lightning. Because the footprint area and characteristic footprint diameter metrics
describe the size of the cloud illuminated by the flash, they depend on the structure and energetics of the
discharge as well as the geometry and scattering properties of the surrounding cloud medium. This sensitiv-
ity to the cloud scene made the flash footprint ideal for constructing LIS illuminated cloud features in
Peterson, Deierling, et al. (2017) to examine connections between flash energetics and morphology and
the microphysics of the cloud medium. For example, that study showed oceanic flashes to be more energetic
than land-based flashes even when they occur at the same time of day and in similar types of clouds.

Radio measurements of flash length (Lang et al., 2017) or flash extent density (Bruning & MacGorman, 2013)
are not entirely comparable with LIS flash footprints because the cloud has a negligible influence on the sig-
nals detected by radio receivers on the ground. With optical systems, some emitted energy will inevitably be
scattered away from the receiver, and the signals that do arrive will be diluted across a sizable area. For light-
ning imagers to be used to map the lateral flash extents, a metric that is minimally sensitive to cloud scatter-
ing must be found.

The flash skeleton may fill this role. Figure 4a compares the average separation of events with the average
separation of groups, CHULL characteristic length, and total propagation distance of all branches in the flash
skeleton as a function of flash footprint length scale. The characteristic length of the flash footprint correlates
primarily with the peak radiant energy of the flash. Energetic optical emissions scatter more photons through
the cloud and push the radiance of more distant pixels above the background threshold for LIS, resulting in a
large group footprint. Since most LIS flashes are comprised of many small and dim groups and a small num-
ber of highly radiant groups, these energetic groups often determine the optical footprint of the flash as well.
The maximum separation of events increases monotonically with flash characteristic length since both para-
meters are based on event pixels. However, these measures do not match one-to-one. The maximum separa-
tion of events is calculated as the distance between pixel centers and can be zero for flashes that consist of a
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single unique pixel. For a collection of perfectly circular flashes of varying sizes, the maximum event
separations should be one pixel smaller than the characteristic footprint diameters because only the latter
considers whole pixels in its formulation. This can be noted for flashes with characteristic lengths between
10 and 15 km across, where the average event separation lags behind the flash footprint characteristic
length by ~5 km, the nominal pixel size of LIS. However, the event separation for larger flashes begins to
outpace the diameter of the equivalent circular flash, and flashes that illuminate the largest cloud areas
become increasingly elongated. The average flash with a 50-km characteristic diameter, for example, is
measured at 66 km across for an elongation factor of 130%.

Peterson, Deierling, et al. (2017) and Peterson, Rudlosky, et al. (2017) identified cases that explain why large
flashes often take on an elongated appearance. Some flashes, like the case in Figure 1 and the LMA extremes
from Lang et al. (2017), are propagating flashes that move from one cloud region into another over time. The
groups that comprise these flashes are generally small and relatively dim. The set of pixels that make up the
later groups in the flash are often completely different from the set of pixels illuminated at first light. In flashes
whose footprints are defined by dim cloud pulses, the events do not extend far beyond the flash skeleton or
CHULL. Figures 1b–1d illustrate all of these aspects.

Many large elongated flashes are not examples of propagating flashes, however. A second species of enor-
mous flash has CHULLs that are confined to a small portion of the overall flash footprint. Notable examples
of these flashes with relatively stationary groups for their footprint size include the extreme area lightning
flash from Peterson and Liu (2013), and the top LIS “superbolts” and flashes with the largest event separations
from Peterson, Rudlosky, et al. (2017). They typically occur near the edge of the cold cloud with a majority of
their pixels illuminating either anvil cloud with no radar echoes near the surface or lower clouds adjacent to
the convective cell that initiated the flash.

Anvil flashes near the cloud edge owe their elongated footprints to the distribution of clouds across the
scene. Radiance will only be scattered towards the satellite where clouds exist to direct it upwards. Picture
a circular connective cell surrounded by a ring of lower boundary clouds. The footprint of a flash at the edge
of the convective feature can only extend radially outward as far as the boundary cloud edge and is generally
blocked by optically thick cloud mass in the inward radial direction. As a result, then the flash footprint will be
significantly wider (tangentially) than it is long (radially). The top LIS flash in terms of event separation from
Figure 4 in Peterson, Rudlosky, et al. (2017) shows this exact case where the flash footprint even curves
around the edge of the convective feature.

Peterson, Deierling, et al. (2017) distinguished propagating flashes from other large elongated flashes by
comparing the maximum group separation in the flash skeleton with the characteristic footprint length.
Maximum group separation is defined as the largest distance between groups in a given flash. Flashes whose
group separations accounted for at least the characteristic radius of the flash footprint were identified as
“propagating.” In contrast to the event-based measures of flash extent, measures of the size of the flash

Figure 4. (a) Meanmeasurements of flash extent as a function of flash footprint length scale. (b) Cumulative distributions of
flash extent as a percentage of flash footprint length scale. Characteristic radius and characteristic diameter thresholds
are marked. (c) Fractions of flashes of a given footprint length scale that are classified as “propagating” or “elongated” or
that have convex hulls or total branch lengths greater than the characteristic radius of the flash footprint. CHULL = convex
hull; CR = characteristic radii.
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skeleton in Figure 4a only increase with footprint area until ~30 km and then remain static as the flash foot-
print continues to grow. The pause in the growth of the group-level structure provides evidence that the flash
skeleton is largely insensitive to radiative transfer effects and meets our needs for optical flash
extent mapping.

While Figure 4a compares the length scales of different flashes, Figure 4b compares the different event-
and group-based measures of flash extent to the footprint area of the same flash. Cumulative distributions
are shown for the maximum separation of events, maximum separation of groups, CHULL characteristic
length, and total length of all branches in the skeleton as a percentage of the flash footprint characteristic
length. CHULL characteristic diameters and maximum group separations account for the smallest fractions
of the footprint length scale. CHULLs are undefined for 19% of flashes for having less than the three unique
group centroid locations required to bound a finite area. Similarly, the maximum group separation is unde-
fined for 9% of flashes for having less than two unique group centroids. The median CHULL length scale
accounts for 10% of the flash footprint length scale, while the median group separation accounts for 21%
of the flash characteristic length. Peterson, Deierling, et al. (2017) would consider 11% of flashes in this
sample “propagating” for having maximum group separations longer than the characteristic radius of
the flash footprint (an x value of 50% in Figure 4b). The total propagation distance for all branches in this
sample of propagating flashes, however, is a factor of 2 greater than the maximum group separation and
can reach a length that is twice the characteristic diameter of the flash footprint on the extreme end of
the distribution.

Figure 4c illustrates the fractions of LIS flashes that are considered elongated (maximum event separa-
tion> characteristic diameter of the flash footprint) or propagating (maximum group separation> character-
istic radius of the flash footprint) in Peterson, Deierling, et al. (2017) as a function of flash footprint size. Also
shown are curves for flashes with skeleton CHULL characteristic radii greater than the flash footprint charac-
teristic radii (CHULL> CR) and flashes with total skeleton branch lengths greater than the flash footprint char-
acteristic radii (tot. len. > CR). As in Figure 4a, the fraction of elongated flashes increases with footprint size.
The fractions of propagating flashes and the two new categories (tot. len. > CR and CHULL > CR), however,
peak between 25 and 30 km and account for<40% (tot. len.> CR) or<10% (propagating, CHULL> CR) of all
flashes with characteristic lengths >30 km.

Histograms and cumulative distributions of the skeleton-derived flash length scales in Figure 4 and the total
number of branches per flash are shown in Figure 5. Separate distributions are included for all LIS flashes and
propagating LIS flashes that, by extension, will also have large CHULLs and total branch lengths. The histo-
grams in Figure 5a span a range from 100 m to 150 km that includes the top 80% of CHULL scale lengths,
the top 91% of maximum group separations, and the top 98% of total branch lengths. If the sample is limited
to only propagating cases where the motion between groups accounts for a significant fraction of the foot-
print size, as in Figure 5b, smaller motions that are orders of magnitude below the LIS pixel size virtually dis-
appear. The CHULL length scale distribution for propagating flashes peaks at 7 km (approximately two pixels)
compared to 12 km for maximum group separation and 30 km for total branch length.

The smallest motions between groups in propagating flashes are on the scale of half of one LIS pixel. This is
consistent with what is expected conceptually for the limit of LIS performance as a lightningmapping system.
Without satellite motion, the smallest lateral development that LIS should be able to detect between simple
(one to two pixels) groups is the case of a single pixel being illuminated in one group and then the same pixel
and one of its neighbors being illuminated in a second group. In the first single-pixel group, the group cen-
troid location is centered on the pixel. In the second two-pixel group, the centroid is located halfway between
the neighboring pixels. Thus, the distance mapped between the two groups would be half a pixel.
Conceptual models with smaller distances can be constructed, but they all require larger groups that differ
by only one pixel at the edge flickering on and off between groups. These scenarios would not be considered
“propagating” since the definition scales with footprint size, and these cases are more likely to be associated
with radiative transfer than detectable lateral motion.

Branch counts for LIS flashes are shown in Figures 5c and 5d. Though Peterson, Rudlosky, et al. (2017) found
extreme cases with multiple hundreds of branches, these flashes are rare as 90% of flashes contain less than
20 branches. The most frequent flash skeleton type is a linear feature that consists of a single branch. This
structure describes 30% of all flashes. All of the complex flashes with extreme branch counts from
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Peterson, Rudlosky, et al. (2017) were propagating flashes. Of these, only 4.5% contain a single branch
(Figure 5d) while 4 in 10 contain 20 or more branches.

3.2. Optical Flash Orientation and Direction of Motion

Flash skeletons and CHULLs are useful for identifying the direction of lateral development and how the pro-
duction of new groups relates to the existing dendritic flash structure. As discussed with Figure 3, we classify
motion between groups relative to the first group centroid location and whether new development reillumi-
nates an existing portion of the flash skeleton. Table 1 presents statistics for the composition and overall
orientation of series, and the direction of development with new groups. The average flash contains seven

Table 1
The Frequency of Various Types of LIS Series- and Group-Level Motion

Flashes Series Groups

All Land Ocean All Land Ocean All Land Ocean

Frequency 1.0 × 106 71% 29% 7.1 × 106 66% 34% 1.3 × 107 63% 37%
Mean series count 6.9 6.5 8.1 — — — — — —
Mean group count 12 11 16 1.8 1.7 2.0 — — —
Outbound fraction — — — 31% 29% 36% 65% 65% 65%
Extending fraction — — — 33% 33% 34% 22% 22% 22%
Reilluminating fraction — — — 5.2% 4.3% 6.8% 4.2% 3.7% 5.0%

Figure 5. Histograms and cumulative distributions of (a) flash length scales for all LIS flashes, (b) flash length scales for pro-
pagating LIS flashes, (c) skeleton branch count for all LIS flashes, and (d) skeleton branch count for propagating LIS flashes.
LIS = Lightning Imaging Sensor.
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series and 12 groups, leading our one million flashes to produce 7.1 million series and 13 million groups.
Seventy-one percent of our randomly selected flashes occur over land, along with their child series, and their
grandchild groups. However, oceanic flashes average two additional series and four additional groups com-
pared to their land-based counterparts. Thus, oceanic series and groups account for a larger share of all fea-
tures than flashes. The average series consist of 1.8 groups due to frequent isolated LIS groups that would be
defined as singleton series.

Of all series, 31% are oriented outbound, directed away from the first light location of the flash. One in three
series extend the length of the flash compared to its previous state, while only 5.2% retrace an existing
branch in the flash skeleton. Oceanic series are more likely to be directed outbound (36% compared to
29%) or to reilluminate an existing branch (6.8% compared to 4.3%) than flashes over land. By contrast, a
much higher 65% of LIS groups are directed outbound while fewer (22%) extend their flash lengths. These
fractions are invariant between land and ocean regions. This suggests that outbound-directed series consist
of more groups than series that end closer to the origin than where they start.

Distributions of propagating flash orientations in geographic coordinates are shown in Figure 6. Figure 6a
considers the orientations of the event-based flash footprints, Figure 6b details the orientations of group-
based CHULLs, and Figure 6c computes differences in orientation between the two for the same flash. The
polar distributions are based on a compass rose where flashes that are directed northward from a southern
starting point are assigned a heading of 0°. Separate plots are shown for each of the following latitude belts:
all latitudes (black), <15° latitude (blue), 15°–30° latitude (orange), and >30° latitude (red).

The footprints of propagating flashes are most likely to be oriented westward with a secondary maximum
due east. Meridional flashes are generally less frequent than their zonal counterparts. The distributions have
a strong latitude dependence, however. In the tropics <15° latitude, northward and southward flashes are
each more frequent than eastward flashes, though westward flashes are still the most frequent. At the other
extreme, flashes in the >30° latitude belt are frequently oriented in every direction other than north and
south with the most probable orientations being southwest, northwest, and due east. The intermediate lati-
tudes of 15° to 30° latitude are essentially an average of the tropical and subtropical regimes.

A preference in Figure 6a for westward zonal orientations at latitudes that are well known for long-lived
eastward-directed mesoscale convective systems suggests that thunderstorm dynamics drives propagating
flash orientation. Mature mesoscale convective systems often produce positive-polarity discharges that initi-
ate near the convective line and then propagate rearward into the stratiform region (Carey et al., 2005; Lang
et al., 2004). However, the orientations of the CHULLs that bound the skeleton of groups in the flash in
Figure 6b are neither as frequently zonal nor as sensitive to latitude as the flash footprints. Subtropical groups
still propagate zonally twice as often as they propagate meridionally, and the difference in orientation
between the footprints and CHULLs is most frequently close to 0° or 180° in Figure 6c. Cases where the flash
footprint and CHULL do not agree in orientation are likely due to the increased sensitivity of events (foot-
prints) to radiative transfer in the cloud medium compared to groups (CHULLs), but further analysis with pre-
cipitation features and storm motion vectors will be necessary to explain these differences.

Figure 6. Polar histograms of (a) the event-based footprint orientation, (b) the group-based convex hull orientation, and
(c) the difference in orientation between them for the same flash. Separate distributions are given for the entire
Tropical Rainfall Measuring Mission domain, <15° latitude, 15°–30° latitude, and >30° latitude. CHULL = convex hull.

10.1029/2018JD028583Journal of Geophysical Research: Atmospheres

PETERSON ET AL. 9683



3.3. Optical Flash Composition and Propagation Speed

With the spatial and temporal limits of LIS clustering defined in Christian et al. (2000) and herein, the question
becomes what range of motion does LIS detect and how does it compare with the LMA literature. The abso-
lute maximum speed for a simple flash that is comprised of two groups according to the clustering thresholds
is 5.5 km/2 ms, or 2.75 × 106 m/s. On the other end, the speed for the smallest two-group conceptual flash
from before would be 2 km/330 ms, or 6.06 × 103 m/s. Thus, we expect a range of motion that spans 3 orders
of magnitude between the slowest and fastest propagating groups.

Histograms and cumulative distributions of flash, series, and group propagation speed are shown in Figure 7
for all LIS flashes (Figures 7a–7d) and propagating LIS flashes only (Figures 7e–7h). The average group devel-
opment in Figure 7a peaks at 105 m/s, consistent with the periods of flash extension (green lines) in Figure 3.
The fastest motion between connected groups in the flash skeleton is most frequently an order of magnitude
greater at 106 m/s. Considering only propagating flashes (Figure 7e) removes many of the slower groups. The
average development speed for propagating flashes ranges from 4 × 103 to 2 × 106 m/s with the fastest
development speeds at ~5 × 106 m/s.

Distributions for individual groups in a series or flash are shown in Figure 7b for all flashes and Figure 7f for
propagating flashes. Aside from the gray “all groups in the same flash” distributions in Figures 7b and 7f, all
speeds in Figure 7 are calculated only for groups in the same series. While the average group in a LIS flash
extends its branch at speeds in excess of a kilometer per second, slower groups can be noted. They can even
be found in propagating flashes, adding evidence that significant lateral development in these flashes is not
continuous with every subsequent group. Groups that occur in a sustained series are approximately an order
of magnitude faster than general group development (Figure 7b) or twice as fast in propagating
flashes (Figure 7f).

Groups that extend the length of the existing flash skeleton are some of the fastest groups observed by LIS
with a peak in the distribution at 4 × 105 m/s for either all flashes (Figure 7c) or propagating flashes only
(Figure 7g). Groups that reilluminate an existing part of the flash skeleton, in contrast, are frequently some
of the slowest groups with a peak frequency at 103 m/s. Both categories of groups have a bimodal distribu-
tion with a slow peak and a fast peak, suggesting that they encompass two different types of motion. The
slower peaks are likely associated with uncertainties in group centroid location that lead to subpixel-scale
errors in contrast to the faster development of the physical flash.

Figure 7. Histograms and cumulative distributions of the speed of Lightning Imaging Sensor (LIS) flash development for all LIS flashes (top row) and propagating LIS
flashes (bottom row). (a and e) The overall average andmaximumpropagation speeds. (b and f) Propagation between all groups in the same flash and only groups in
the same multigroup series. (c and g) The speeds of elongating and reilluminating groups. (d and h) Speeds of outbound versus inbound propagating groups.
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There is also some sensitivity in development speed to the direction of motion. Figures 7d and 7h compare
the distributions of inbound and outbound group motions relative to the first light centroid location.
Outbound-directed flashes are slightly faster than inbound-directed flashes in both the general case
(Figure 7d) and for propagating flashes only (Figure 7f). In particular, outbound groups have a higher instance
of propagation speeds above 105 m/s, resulting in amedian outbound development speed of 1.8 × 105 m/s in
propagating flashes compared to a 9.1 × 104 m/s median inbound speed.

The ranges of development speeds for LIS groups, series, and flashes in Figure 7 are consistent with the
speeds of leader development reviewed by Hill et al. (2011). Average propagation speeds in their Table 1
range from 8 × 104 to 1.5 × 106 m/s, while their own high-speed camera observations of leader propa-
gation range from 2.6 × 105 to 6.2 × 105 m/s. The LMA literature reveals a similar range of propagation
speeds. Ground-based propagation speed estimates depend on the type of leader involved and
whether recoil processes are active (van der Velde & Montanyà, 2013). Winn et al. (2011) documented
a lightning flash over the Langmuir Laboratory with an average velocity of 1.05 × 105 m/s, while van
der Velde and Montanyà (2013) calculated leader speeds between 2 × 104 and 8 × 105 m/s. Rakov
and Uman (1990) places the speed of stepped leaders coming to ground through virgin air
at 2.0 × 105 m/s.

Instruments like LIS should be able to resolve physical lightning processes that take place at these speeds so
long as they produce enough light that escapes the top of the cloud to be detected from orbit and occur over
sufficiently long distances to be resolved. Stepped leader measurements from the studies spanning 76 years
reviewed by Hill et al. (2011, Table 1) report interstep intervals that range from 0.2 to 200 μs and step lengths
that vary between 3 and 200 m. These temporal and spatial scales correspond to 1/30,000th of a LIS frame
and 1/30th of the smallest separation between subsequent propagating LIS groups. Due to the relatively long
integration time of LIS, flash development may be noted in the morphologies of single LIS groups when it is
not overwhelmed by scattered light, but LIS and GLM will still only be able to provide coarse snapshots of
leader development that summarize many steps over multiple kilometers.

4. Conclusion

This study examines the frame-by-frame evolution of LIS flashes to quantify the scale, structure, orientation,
and speed of flash optical development detected from orbit. Lightning imagers such as LIS and GLM have
relatively coarse spatial (4 km for LIS, 8 km for GLM) and temporal (2 ms) resolutions compared to high-speed
cameras and LMA systems but are still capable of recording the lateral development of flashes that propagate
between cloud regions.

The lateral extent of a LIS flash varies according to the metric considered. Event-based quantities—such as
the standard footprint area product in the science data set—are highly sensitive to radiative transfer in the
cloud. Metrics that are defined using groups rather than events—such as the area or diameter of the
CHULL around the group centroid locations—provide a more reasonable estimate for the scale of
the underlying electrical processes responsible for the optical flash. This study tracks the development
of optical LIS flashes by linking LIS groups into a skeleton image of the flash. This skeleton is used to
approximate the speed and direction of new groups as they are added to the group-level structure and
quantify flash complexity by counting the number of visible branches. The groups in LIS flashes, in gen-
eral, are separated by a distance of 1–10 km, are organized into four or fewer branches, and propagate
at speeds that range from 104 m/s (average for a given flash) to 106 m/s (fastest development in a flash).
Propagating flashes, by contrast, usually contain more than 10 branches and are comprised of groups that
are separated by at least one pixel and develop laterally at speeds closer to 105 or 106 m/s than to 104 m/s
or below.

Our results demonstrate that lightning imagers such as the Optical Transient Detector, LIS, and GLM can be
useful for mapping physical lightning processes. These optical sensors provide a view of flash structure that
can complement ground-basedmeasurements taken by regional LMA networks. The optical observations are
shown to be potentially useful for examining processes poorly resolved in the VHF and filling data voids
related to coverage gaps. The global or hemispheric domain of these systems also enables them to provide
an independent assessment of lightning physics at locations that are not routinely covered by ground-based
instruments such as over the open ocean.
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