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Coordinated analysis of delayed sprites with high-speed images
and remote electromagnetic fields
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[1] Simultaneous measurements of high-altitude optical emissions and magnetic fields
produced by sprite-associated lightning discharges enable a close examination of the link
between low-altitude lightning processes and high-altitude sprite processes. We report
results of the coordinated analysis of high-speed sprite video and wideband magnetic
field measurements recorded simultaneously at Yucca Ridge Field Station and Duke
University. From June to August 2005, sprites were detected following 67 lightning
strokes, all of which had positive polarity. Our data showed that 46% of the 83 discrete
sprite events in these sequences initiated more than 10 ms after the lightning return
stroke, and we focus on these delayed sprites in this work. All delayed sprites were
preceded by continuing current moments that averaged at least 11 kA km between the
return stroke and sprites. The total lightning charge moment change at sprite initiation
varied from 600 to 18,600 C km, and the minimum value to initiate long-delayed sprites
ranged from 600 for 15 ms delay to 2000 C km for more than 120 ms delay. We
numerically simulated electric fields at altitudes above these lightning discharges and
found that the maximum normalized electric fields are essentially the same as fields that
produce short-delayed sprites. Both estimated and simulation-predicted sprite initiation

altitudes indicate that long-delayed sprites generally initiate around 5 km lower than
short-delayed sprites. The simulation results also reveal that slow (5—20 ms)
intensifications in continuing current can play a major role in initiating delayed sprites.

Citation: Li, J., S. A. Cummer, W. A. Lyons, and T. E. Nelson (2008), Coordinated analysis of delayed sprites with high-speed
images and remote electromagnetic fields, J. Geophys. Res., 113, D20206, doi:10.1029/2008JD010008.

1. Introduction

[2] Since they were first documented in 1989 [Franz
et al., 1990], sprites have been studied through measure-
ments of high-altitude optical emissions and remote light-
ning radiated electromagnetic (EM) fields. According to the
largely accepted conventional breakdown model [Pasko
et al., 1997, 1998], sprites are produced by conventional
electric breakdown of the upper atmosphere, which is itself
produced by large postlightning quasi-electrostatic (QE)
fields. These QE fields are close to linearly proportional
to the vertical charge moment change (charge transfer to
ground times the vertical cloud to ground channel length) in
the lightning discharge [/nan and Inan, 1999].

[3] Numerous studies have reported lightning charge
moment measurements in sprite-producing lightning
[Cummer and Inan, 1997; Huang et al., 1999; Ohkubo et
al., 2005], all of which have been found to be essentially
consistent with conventional breakdown theory. It is a
challenge, however, to precisely measure the lightning
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charge moment change at the time of sprite initiation using
normal speed video because the lightning charge moment
change can vary considerably across the 16.7 or 33 ms
image integration period. Approaches to avoid this limita-
tion include analyzing a subset of sprites whose initiation
times can be narrowly bounded on the basis of additional
information [Hu et al., 2002], and analyzing sprites recorded
using high-speed video [Cummer and Stanley, 1999]. An-
other challenge arises when trying to measure the charge
moment change for sprites that initiate tens or hundreds of
milliseconds after the lightning stroke. Measurements have
suggested that continuing currents are at least partly respon-
sible for initiating these sprites [Bell et al., 1998; Cummer
and Fiillekrug, 2001], but continuing currents can be
difficult to remotely measure. Measurements based on
Schumann resonances [Burke and Jones, 1992] are capable
of measuring these slowly varying currents but cannot
generally provide sufficient time resolution to accurately
measure the charge moment change at a specific time. It has
also been suggested that sferic bursts, first reported by
Johnson and Inan [2000], may contribute to sprite initiation
[Ohkubo et al., 2005].

[4] Since it is almost impossible to measure the electric
field inside a sprite, numerical simulations [Hu et al., 2006]
have been applied to test the QE model. Hu et al. [2007]
combined video observations, electromagnetic measure-
ments, and numerical simulations to estimate the electric
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field responsible for generating short-delayed sprites. They
found that values of normalized electric field (the ratio
between the actual electric field and the air breakdown field)
from about 0.2 to 0.8 led to sprite initiation, with larger
values generally leading to larger and brighter sprites.

[5] Measurements in June through August 2005 of the
low-frequency horizontal magnetic field produced by light-
ning simultaneously recorded at Duke University and Yucca
Ridge, Colorado, with simultaneous high-speed sprite
images recorded at Yucca Ridge have produced a data set
without the above mentioned limitations. The high-speed
images (1000—10,000 frames per second (fps)) enable
determination of the sprite initiation time with millisecond
or better precision, and both magnetic field sensors had
sufficient bandwidth and low-frequency sensitivity to mea-
sure currents from the submillisecond time scale of the
lightning return stroke to the hundred-or-more millisecond
time scale of continuing current.

[6] The general statistics of the lightning-to-sprite delay
for all of the observed events show that there is a clear
breakpoint in the overall delay distribution at ~10 ms delay.
Taking 10 ms as the definition of a delayed sprite, we
further analyze the subset of these data associated with
delayed sprites. All of the delayed sprites were preceded by
continuing current with mean time-averaged current mo-
ment (lightning source current times the vertical cloud to
ground channel length) between the return stroke and sprites
of 42 kA km. The minimum time-averaged value was 11 kA
km and the maximum was 132 kA km. The total lightning
vertical charge moment change at sprite initiation varied
from 600 to 18,600 C km (note that many of these were not
the first sprite event in the sprite sequence caused by a
single lightning event), and in most cases the continuing
current contributed significantly more to this total than the
lightning return stroke. This confirms that lightning con-
tinuing current is an important driver of delayed sprites and
in many cases is the primary driver. We also test the
initiation mechanism of long-delayed sprites by combining
video observations, electromagnetic measurements, and
simulations in the same manner as Hu et al. [2007]. The
results show that normalized fields responsible for initiating
delayed sprites are essentially the same as those previously
found for short-delayed sprites. Thus, the quasi-static elec-
tric field driven by vertical lightning charge transfer is the
primary cause of short and long-delayed sprites. These
observations further reveal the relationship between sferic
bursts, continuing current and sprite initiation.

2. Instrumentation and Method of Analysis

[7] From 24 June to 15 August 2005, we measured
broadband low-frequency electromagnetic radiation from
lightnings at two observation sites: the Yucca Ridge Field
Station (40.702°N, —105.031°E) near Fort Collins, Colo-
rado, and Duke University (35.864°N, —79.101°E). At the
Duke site, two pairs of magnetic induction coils recorded
the vector horizontal magnetic field from 0.1 Hz to 500 Hz
(BF-4 coils built by EMI, Inc.) and from 50 Hz to 30 kHz
(custom designed coils). At the Yucca Ridge site, one pair
of coils continuously sampled signals from ~2 Hz to 30 kHz
(coils built by Quasar Federal Systems, Inc). National
Lightning Detection Network (NLDN) data provided all
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of the return stroke locations presented in this work. The
lightning location and two orthogonal horizontal measure-
ments of the magnetic field from each pair of the coils
enable us to derive the azimuthal magnetic field, which is
the magnetic field in azimuthal (¢) direction defined by a
cylindrical coordinate system with the origin at the lighting
location. A photometer and a high-speed intensified camera
were used to record the optical emissions from sprites from
the Yucca Ridge site. The P30A-05 photodetector (built by
Electron Tubes, Inc.) recorded total sprite luminosity across
the 280 to 870 nm range at 100 kHz. The high-speed camera
was a Vision Research Phantom 7.1 monochrome high-
speed imager coupled to an ITT Gen III image intensifier
with spectral response from 450 to 900 nm. The phosphor
persistence of this intensifier was measured with controlled
sources to have a half-life between 0.35 (dim features) and
0.70 ms (bright features). Across the entire campaign,
images were recorded at rates from 1000 to 10,000 frames
per second. The camera time stamps every image with the
end of the integration time as computed from an external
GPS-synchronized IRIG time code. The absolute image
timing accuracy was confirmed to be better than 10 us by
imaging an LED driven by the one pulse per second output
from a TrueTime XL-AK GPS receiver. The same GPS unit
provide absolute timing for the photometer and magnetic
field channels with an accuracy of better than 10 us.

[8] The resulting data set comprises synchronized, high
time resolution images, overall brightness, and wideband
(~0.1 Hz-30 kHz) magnetic field measurements at two
locations. For the events analyzed here, we extracted from
the magnetic field data the estimated source current moment
waveforms using a modified version of the deconvolution
method described by Cummer and Inan [2000] in which we
apply regularization parameters that enforce more smooth-
ness on the later part of the current moment waveform. This
enables reliable extraction of both the fast return stroke
current moment and the slow continuing current moment
that is present in essentially all of the analyzed strokes. The
needed estimates of the propagation impulse response are
computed using a full wave 2-D cylindrical Finite difference
time domain (FDTD) simulation [Hu et al., 2006].

[o] Figure 1 demonstrates this measurement with the
azimuthal magnetic fields (magnetic field in tangential
direction) from one sprite-producing lightning flash mea-
sured at Duke and Yucca Ridge and the extracted current
moment waveforms from each. Despite different ranges,
sensors, and ambient noise, the extracted current waveforms
agree well and the total charge moment changes differ less
than 10% at 180 ms. The two station measurements provide
redundancy that ensures the accuracy of the extracted
source currents. With the estimated lightning current mo-
ment waveform, we are able to simulate the vertical electric
fields at high altitudes above the lightning discharge with a
2-D FDTD model [Hu et al., 2006]. This electric field is a
function of both time and altitude. Then we normalized this
field by the air breakdown field at different altitudes. This
procedure is basically the same as the method described by
Hu et al. [2007]. However, Hu et al. [2007] focused on
short-delayed sprites and could not always precisely deter-
mine the sprite initiation time. In contrast, we use extracted
current moment waveforms of 200 ms duration for long-
delayed sprites, and in all cases the sprite initiation time is
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Figure 1. (a) The azimuthal magnetic field at (top) Yucca

Ridge station and (bottom) Duke University. (b) The
extracted current moment waveform from the two
measurements.

measured with submillisecond precision from high-speed
video.

3. Data Overview

[10] During the campaign period, the high-speed camera
recorded 67 sprite sequences on 7 different days. Of these,
64 were associated with NLDN detected lightning strokes,
all of which were positive polarity.

[11] Figure 2 shows the locations of these 64 sprite-
producing positive CGs detected by NLDN network and
the two observation sites. These lightning events occurred
~300-800 km from the Yucca Ridge station (YR) and
~1600—-2100 km from Duke University. The magnetic field
data clearly showed that remaining three sprite sequences
were also produced by positive polarity strokes that were
not classified as CGs by the NLDN. Many of the sprite
sequences contained several discrete sprites that occur at
different times. We define a sprite that initiated at least 5 ms
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Figure 2. Map of sprite and sensor locations. The stars
represent the locations of the 64 sprite-producing lightning
discharges detected by the National Lightning Detection
Network (NLDN). The squares represent the observation
sites at Yucca Ridge station (YR) and Duke University
(DUKE).
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after any previous sprite as a single “sprite event.” Per this
definition, the 67 observed sprite sequences contained a
total of 86 discrete sprite events. A single sprite event may
contain a cluster of sprites that occurred at about the same
time but different locations. We then measured the time
delay between the lightning return stroke and the initiation
of a sprite event determined from the high-speed video,
accounting for speed of light propagation delays for both
the sprite optical emissions and lightning radio emissions.
One of the sprite events was captured on video after its
initiation, and for two of them we do not accurately know
the propagation time to Yucca Ridge, and thus their delays
could not be measured. Figure 3 shows the histogram of the
remaining 83 lightning-to-sprite initiation delays, binned in
5 ms windows (except for the last bin).

[12] There were 37 sprites that occurred within 5 ms of a
return stroke, and 8 events that occurred 5 to 10 ms after the
lightning return stroke. These events constitute about 54%
of the total number of single sprite events, and the histo-
gram shows a natural break point in the distribution after
10 ms, above which the time delays are almost uniformly
distributed up to several hundred milliseconds. We thus
empirically define a delayed sprite event as one that initiates
more than 10 ms after a lightning return stroke. We also
note that among these 83 events, sprite currents [Cummer
et al., 1998, 2006] were detected in 21. This 32% rate is
higher than the ~10% reported in previous observations
[Cummer, 2003], which is probably due to our smaller data
set. More than half of these sprite currents were observed
in a thunderstorm on 4 July 2005 that produced 53 sprites
and thus dominates our statistics. Excluding this day, the
rate of measurable sprite currents is only 7%. The 4 July
storm produced relatively more delayed sprites than sprite-
producing storms observed on other days.

4. Long-Delayed Sprites

[13] Measurements of charge moment change in lightning
strokes followed quickly by sprites have been shown to be
generally consistent with conventional breakdown theory
[Hu et al., 2002, 2007], but the degree to which this is true
for delayed sprites is not known. If a sprite initiates more
than 10 ms after a return stroke, some nonreturn stroke
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Figure 3. Histogram and cumulative distribution function
of the time delay between lightning return strokes and sprite
event initiation for 83 sprite events.
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